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ABSTRACT 
 
 Numerous studies have focused on enhancing the flame retardant behavior of 
cotton and polyurethane foam. Some of the most commonly used treatments (e.g., 
brominated compounds) have raised concerns with regard to toxicity and environmental 
persistence. These concerns have led to significant research into the use of alternative 
approaches, including polymer nanocomposites prepared from more environmentally 
benign nanoparticles. These particles migrate to the surface from the bulk during fire 
exposure to form a barrier on the surface that protects the underlying polymer. This 
theory of fire suppression in bulk nanocomposites inspired the use of layer-by-layer 
(LbL) assembly to create nanocoatings in an effort to produce more effective and 
environmentally-benign flame retardant treatments. 
 Negatively charged silica nanoparticles of two different sizes were paired with 
either positively charged silica or cationic polyethylenimine (PEI) to create thin film 
assemblies. When applying these films to cotton fabric, all coated fabrics retained their 
weave structure after being exposed to a vertical flame test, while uncoated cotton was 
completely destroyed. Micro combustion calorimetry confirmed that coated fabrics 
exhibited a reduced peak heat release rate, by as much as 20% relative to the uncoated 
control. Even so, this treatment would not pass the standard UL94 vertical flame test, 
necessitating a more effective treatment. 
 Positively- charged chitosan (CH) was paired with montmorillonite (MMT) clay 
to create a renewable flame retardant nanocoating for polyurethane foam. This coating 
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system completely stops the melting of a flexible polyurethane foam when exposed to 
direct flame from a butane torch, with just 10 bilayers (~ 30 nm thick). The same coated 
foam exhibited a reduced peak heat release rate, by as much as 52%, relative to the 
uncoated control.  This same nanobrick wall coating is able to impart gas barrier to 
permeate plastic film. 
 Multilayered thin films were assembled with “green” food contact approved 
materials (i.e., chitosan, polyacrylic acid (PAA) and montmorillonite clay).  Only ten 
CH-PAA-CH-MMT quadlayers (~90 nm thick) cause polylactic acid (PLA) film to 
behave like PET in terms of oxygen barrier.  A thirty bilayer CH-MMT assembly (~100 
nm thick) on PLA exhibits an oxygen transmission rate (OTR) below the detection limit 
of commercial instrumentation (≤0.005 cm3/(m2·day·atm)).  This is the same recipe used 
to impart flame retardant behavior to foam, but it did not provide effective FR to cotton 
fabric, so a very different recipe was used. 
 Thin films of fully renewable electrolytes, chitosan and phytic acid (PA), were 
deposited on cotton fabric in an effort to reduce flammability through an intumescent 
effect. Altering the pH of aqueous deposition solutions modifies the composition of the 
final nanocoating. Fabrics coated with highest PA content multilayers completely 
extinguished the flame and reduced peak heat release (pkHRR) and total heat release of 
60% and 76%, respectively. This superior performance is believed to be due to high 
phosphorus content that enhances the intumescent behavior of these nanocoatings.  
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CHAPTER I  
INTRODUCTION  
 
1.1 Background 
The flammability of upholstered furniture and bedding is a subject of growing 
interest because of the risk posed by such items in the event of fire.1-2 These objects are 
easily ignited and can fuel intense fires with significant smoke and toxic gas. Although 
the number of house fires has significantly declined in the United States in recent years, 
according to the National Fire Protection Association, there were 369,500 house fires in 
2010, resulting in 13,350 civilian injuries and 2,640 civilian deaths, and almost $7 
billion in direct damage. Brominated compounds are one of the most commonly used 
flame retardant (FR) treatments, but there have been concerns raised with regard to their 
toxicity and environmental persistence.3-4 These concerns have led to significant 
research into the use of alternative FR chemistries and approaches, including polymer 
nanocomposites prepared from more environmentally benign nanoparticles (e.g., clays5-
11 and carbon nanotubes12-14).  Unfortunately, while being relatively non-toxic, 
nanoparticles often require high levels of loading, leading to additional cost, processing 
difficulties and deterioration of intrinsic polymer mechanical properties.8, 15  Despite 
these challenges, flame retardant nanotechnology can be more useful (or friendly) if 
implemented directly on the surface of the polymer as a protective barrier,16-17 which 
provides the same mechanisms of protection as it does for bulk nanocomposites,6, 18 but 
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eliminates the challenges associated with processing or undesirable changes in 
mechanical behavior. 
Layered silicates have been intensely studied as an environmentally-friendly 
alternative to the use of halogenated compounds in flame retardant treatments.5, 7-8  One 
proposed mechanism for flame retardancy of nanocomposites is the formation, during 
combustion, of an inorganic barrier on the surface that protects the underlying polymer 
from oxygen and reduces heat transfer. This physical barrier is made of nanoparticles 
that migrated to the surface from the bulk.19-20  It was this theory of fire supression in 
bulk nanocomposites that inspired the use of layer-by-layer assembly to create dense 
nanocoatings in an effort to produce more effective and environmentally-benign FR 
treatments. 
Thin assemblies of polymer and clay, deposited onto cotton fibers using layer-
by-layer (LbL) assembly, were recently reported as a more environmentally-friendly FR 
treatment.17  Colloidal silica is another inorganic additive known to reduce flammability 
21-23  and has also been successfully incorporated into the LbL process.24-26  LbL 
deposition consists of building multilayered thin films by consecutive adsorption of 
oppositely charged polyelectrolytes and/or nanoparticles onto a substrate, as shown in 
Figure 1.1.27-29  Steps 1 – 4 are continuously repeated until the desired number of 
bilayers (BL) (i.e., cationic-anionic pairs of layers) is achieved.  The thickness of each 
BL is typically 1-100 nm and can be controlled at the nanoscale by altering pH,30-31  
molecular weight of the components,32  ionic strength,33 and temperature.31, 34 This 
versatile process has been used to grow films with antireflective,35-37 oxygen barrier,38 
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sensing,39-41  electrochromic,42-44  antimicrobial,45-47 and drug delivery 48-49  properties. 
With LbL assembly, nanoparticles are deposited directly onto the surface of the substrate 
as a thin layer, which allows protection to be imparted without the challenges associated 
with processing or adversely modifying mechanical behavior. These qualities result in a 
highly effective, environmentally-friendly nanocoating for fire suppression. 
 
 
 
Figure 1.1. Layer-by-layer deposition process used to prepare functional thin films from 
aqueous mixtures.  Steps 1 – 4 are repeated until the desired number of bilayers are 
generated on a substrate. 
 
 
1.2 Objectives and Dissertation Outline 
Cotton fabric and polyurethane foam are the model substrates used throughout 
the flame retardant part of this dissertation because they are commonly used for apparel, 
home furnishings, and industrial products, and they are highly flammable.50-51 By 
coating these substrates with a flame retardant nanocoating, we intend to eliminate melt 
dripping of the foam and to slow down or eliminate the burning process of the fabric to 
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reduce injury and property damage as a result of exposure to fire. The objective of this 
portion of my research is to develop and examine the efficacy of flame retardant 
nanocoatings deposited onto the three-dimensional surfaces of cotton fabric and open-
celled polyurethane foam via layer-by-layer assembly. These thin coatings serve as a 
protective barrier against direct flame and heat. The ultimate goal of this work is to 
create a conformal coating for complex substrates and extinguish flame on the coated 
substrate when exposed to fire. 
This work with clay also led to the development of gas barrier layers. Clay is 
well known to reduce the oxygen permeability of bulk composites,52 but barrier layers 
made with LbL assembly have been shown to rival SiOx and metalized film.53 In the 
present work, polyethylene terephthalate (PET) and polylactic acid (PLA) were chosen 
as model substrates. PET is already widely used for food packaging applications due to 
its transparency and a relatively low oxygen transmission rate. PLA is a starch-based 
polymer that is biodegradable and compostable,54-55  but it has poor oxygen barrier 
properties relative to petroleum-based PET, which significantly limits its use in 
packaging.56-57   The objective of the oxygen barrier part of my research is to develop a 
clay-based high oxygen barrier coating using LbL assembly of only food-contact 
approved materials. These coatings, resembling nanobrick walls, where clay platelets act 
as bricks held together by polymeric mortar, create highly impermeable layers. These 
assembled thin films could be used for a variety of food packaging applications, 
including microwaveable foil replacement. 
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Chapter II provides a brief review of the flame retardant, oxygen barrier, and 
layer-by-layer assembly literature. The combustion of polymers and the flame retardant 
methods and mechanisms are first presented, followed by flame retardant strategies. The 
tortuosity in clay-based nanocomposites is also described. The second part of this review 
covers the basics of LbL assembly, with special emphasis on the use of natural materials. 
Chapter III describes negatively charged colloidal silica of two different sizes, 
paired with either polyethylenimine (PEI) or positively charged silica, as the components 
of multilayer assemblies. The influence of silica size as well as nature of the cationic 
component (polymer vs. inorganic nanoparticle) on growth and mass composition was 
examined using ellipsometry and quartz crystal microbalance (QCM), respectively. The 
conformal nature of these coatings was confirmed using transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM). Additionally, the 
flammability of the coatings on cotton fabrics was investigated using a vertical flame test 
(ASTM D6413) and a micro combustion calorimeter (MCC).  
Chapter IV examines the use of fully renewable and environmentally-friendly 
materials in flame retardant nanocoatings. Chitosan (CH) and montmorillonite clay 
(MMT) are the components of these renewable assemblies. Films were grown with CH 
at pH 3 and 6 and characterized on silicon wafer before depositing them onto flexible 
polyurethane (PU) foam. Small scale torch burn testing and a cone calorimeter (ASTM 
E-1354/ISO 5660) were used to evaluate the flammability of the coated foam.  
Chapter V describes two types of coatings developed with food contact approved 
materials with high oxygen barrier. The first coating is a chitosan-clay nanobrick wall 
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film, like that described in Chapter IV. In the second system, polyacrylic acid (PAA) 
was added to the CH-MMT assembly, creating a CH-PAA-CH-MMT quadlayer system. 
Both of these coatings were deposited on PET and PLA film and tested for oxygen 
transmission rate at 23°C/0% RH and 38°C/ 90% RH. Light transmission through this 
coating was measured using UV-Vis spectroscopy.  
Chapter VI describes the first intumescent nanocoating created via LbL assembly 
using renewable materials. Chitosan and phytic acid (PA) are nitrogen and phosphorus-
rich components that were used to create this coating. The effect of the solution’s pH on 
the coating growth and composition was examined using ellipsometry and QCM. 
Coatings with different PA concentration were evaluated for their flammability on cotton 
fabric.  
Chapter VII provides some conclusions and direction for future research. This 
dissertation investigates flame retardant nanocoatings via passive (silica or clay-based) 
or active (intumescent) mechanisms of protection, as well as using renewable, food 
contact approved materials to create nanocoatings with high oxygen barrier (see Figure 
1.2). Creating high oxygen barrier with renewable, food contact safe polyelectrolytes 
only (i.e., without clay) remains to be studied. To further improve flame retardant 
coatings on cotton, and make it more commercially viable, the durability of the coating 
needs to be improved using crosslinking to withstand multiple wash cycles. Finally, the 
synergistic influence of colloidal silica in intumescent coating assemblies could improve 
FR performance with fewer layers. 
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Figure 1.2. Schematic overview of coatings with flame retardant (left to right: colloidal 
silica-based, intumescent, clay-chitosan) and oxygen barrier (chitosan-based bilayer and 
quadlayer systems) properties. 
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CHAPTER II                                                                                        
LITERATURE REVIEW 
 
2.1 Thermal Decomposition of a Polymeric Material  
 Polymeric material yields volatile gases, smoke and carbonaceous char, after it 
has been exposed to significant heat. There are both physical and chemical changes that 
occur when heat is applied. Physical changes include melting and charring, while 
chemical processes are responsible for generating flammable volatiles.58 The overall 
burning process is schematically shown in Figure 2.1. The heat and gases flow back and 
forth between fire and composite, increasing the temperature in the combustion zone, 
and as a result accelerate decomposition of the material. The process then continues as 
long as the heat flow to the polymer is sufficient to sustain burning or until the material 
is completely degraded.59    Sometimes, if the above heat requirements are satisfied by 
thermal oxidation (in gas or condensed phase), a self-sustaining degradation process can 
occur, even after the heat supply from the ignition source is removed.60 
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Figure 2.1. Self-sustained polymer combustion cycle.60 
 
 
 
 Due to their unique structures, different polymeric materials decompose via 
different routes. When heated, the polymer chain breaks down into small fragments, 
which can then escape into the vapor phase.61 In general, polymer degradation occurs by 
four mechanisms: random-chain scission, end-chain scission, chain-stripping, and other 
processes such as crosslinking.62 In random chain scission, polymer chains break at 
random points along their length. In end-chain scission, the chains release groups from 
their ends most easily. A third process, in which groups that easily release are attached to 
the backbone as side chains, is known as chain stripping.  The other mechanism of 
degradation is a crosslinking process, which is related to the formation of char. This 
happens when the polymer chain goes through carbonization instead of undergoing chain 
scission to form volatiles.63  
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 The nature of the volatile products depends on the chemical and physical 
properties of the polymer. Figure 2.2 shows the range of chemical and physical changes 
that can occur when a polymer is exposed to heat. Some of these changes are simple 
phase transformations (solid→ liquid → gas). Thermoplastic materials form a viscous 
melt, but they may also decompose before melting. Viscous melt can decompose into 
either liquid or gaseous fragments. Liquid components will decompose further until they 
are small enough to be vaporized.  Polyurethanes (especially flexible foams) decompose 
by three different mechanisms: breakdown of urethane molecules into gaseous 
isocyanates, which are released as a yellow smoke, a concerted reaction involving a six-
membered cyclic transition state, and a cleavage-recombination mechanism.64-67 
Cellulose materials, like wood or cotton, decompose into three types of products: 
laevoglucosan, char, and a series of high molecular weight tar.68 These varied thermal 
degradation mechanisms between different materials have a significant influence on fire 
behavior. 
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Figure 2.2. Physical and chemical changes that occur during polymer thermal 
decomposition.58 
 
 
 
2.2 Flame Retardant Strategies 
 Flame retardant behavior can be divided into two different modes of action that 
break the polymer combustion cycle. A retardant can stop the combustion cycle in the 
condensed phase or gas phase.69 A condensed-phase mechanism occurs when a FR 
chemically interacts with the polymer to generate char. Another form of the condensed 
phase mechanism is incorporation of filler into the polymer matrix, which dilutes the 
amount of combustible material and reduces the burn temperature of the composite.70 In 
the gas phase, flame retardants reduce the amount of heat returned to the polymer 
surface and, as the temperature of the surface decreases, the pyrolysis is retarded.71  The 
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flammability behavior of a polymer is usually evaluated with cone calorimetry, which 
measures ignition time, mass loss, and heat release rate. 
2.2.1 Polymer Nanocomposites 
 Composites made with nanosize filler are referred to as polymer nanocomposites 
(PNC). Nanoparticles used in polymer composites are often described by the number of 
nanoscale dimensions, as shown in Figure 2.3. There are layered materials (2D) like 
montmorillonite clay (MMT),6, 72 layered double hydroxides (LDH),73  layered 
zirconium phosphate,74  tube/rods (1D) like carbon nanotubes,75 and spherical/colloidal 
solids (0D) like polyhedral oligosilsesquioxane (POSS) or colloidal silica.76-78 Interfacial 
interaction between polymer and particle greatly affects the degradation of 
nanocomposites. A strong interaction allows particles to act as restriction sites for the 
movement of a polymer chain, making the scission chain harder at lower temperature, 
and moving the degradation temperature of the material to higher temperature.79 Since 
nanoparticles have high surface area-to-volume ratio, for the same particle 
concentration, they will have a greater interfacial area than microparticles. 80-81  This 
large interfacial area causes a significant amount of the polymer to come into direct 
contact with particles and its properties become much different from the bulk polymer.82   
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Figure 2.3. 2D (platelet), 1D (rod), and 0D (sphere) nanoparticles and definitions of 
their aspect ratios.83 
 
 
 
 The objective of PNC fabrication is to uniformly disperse and distribute the filler 
within the polymer. The final structure will depend on the processing techniques 
utilized.  Simple physical mixing of a polymer and nanoparticles does not typically 
result in a PNC, but rather creates a conventional composite with relatively poor 
mechanical and thermal properties because of phase separation.80 For clay-filled 
composites the intercalation method is most popular and it can be divided into 
intercalation of polymer from solution, in-situ intercalative polymerization and melt 
intercalation.84 Intercalation from solution means clay is first swollen in a solvent and 
then mixed with a polymer. Polymer chains displace the solvent and intercalate within 
the layers of clay.85-86 For the polymerization intercalation, clay is swollen in a monomer 
solution, then polymerization occurs and polymer chains are forced into the space 
between clay sheets, thus separating them and making them intercalated or exfoliated.87-
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88 The melt method involves annealing a mixture of the polymer and clay above the 
softening point of the polymer.89-90 There are three main morphologies of clay-polymer 
nanocomposites that can be obtained, as shown in Figure 2.4.91  If the polymer cannot 
intercalate into the silicate sheets, a conventional composite is obtained. Intercalated 
structures are formed when there is a polymer chain separating the silicate layers, 
resulting in ordered structure.  When clay platelets are completely dispersed in a 
polymer matrix, exfoliated composites are formed. The exfoliated structure is favorable 
to many properties due to its isotropic behavior.15  
 
 
Figure 2.4. Schematic representation of conventional (a),  intercalated (b) and exfoliated 
(c) clay filled composites.72  
 
 
 
 Incorporating layered silicates into polymers was first reported over forty years 
ago,92 but it wasn’t until 1997 that a detailed investigation of the flame retardant 
properties of polymer/clay was reported, which inspired numerous further studies in this 
field.93 Montmorillonite clay (MMT) is the most studied layered silicate for polymer 
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nanocomposites.94-96 In addition to improving antiflammable properties,97 it has been 
used to enhance mechanical94 and gas barrier72, 98 properties. MMT is a member of the 
smectite family in which an individual clay platelet is composed of one central layer of 
Al3+ or Mg2+ octahedra sandwiched between two layers of Si4+ tetrahedral, as shown in 
Figure 2.5.99 The thickness of each individual clay platelet is approximately one 
nanometer. 
 
 
Figure 2.5. Structure of smectite clay.99  
 
 
 
 In addition to clay, carbon nanotubes (CNT) are becoming more commonly used 
in PNC.100-102 Carbon nanotubes are long cylinders of covalently bonded carbon atoms 
and have a very high aspect ratio.75 The two basic types of CNT are single-wall carbon 
nanotubes (SWNT) and multiwall carbon nanotubes (MWNT) (Figure 2.6). CNTs have 
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remarkable mechanical,103 electrical101 and thermal102 properties that make them good 
candidates for filler in PNC. One major drawback is that CNTs are often held together in 
bundles by very strong Van der Waals interactions, which makes their dispersion within 
a polymer matrix problematic.104 Despite this dispersion issue, CNT  is the second most 
investigated nanofiller for reducing the flammability of polymers.12, 76 
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Figure 2.6. Schematic representation of multi-walled (a) and single-walled (b) carbon 
nanotubes.105 
 
 
 
 Together, layered silicates and carbon nanotubes represent almost half of the 
ongoing studies on PNC.83 There are many other FR additives that have been used to 
reduce flammability of polymer composites. Layered double hydroxide (LDH) is another 
commonly used 2D inorganic material. The LDH structure is referred to as natural 
hydrotalcite and it is very similar to layered silicates (Figure 2.7).106 The flame-retardant 
characteristics of LDH originate from their chemistry, which involves endothermic 
decompositions with the formation of water vapor and metal oxide residue. This residue 
 
  
reduces the oxygen supply to the composite and thus hinders the burning process.107 
Similarly to other inorganic additives, it is hard to achieve good dispersion of LDH 
within the composite due to strong interactions between its layers.108   
 
 
Figure 2.7. Schematic of LDH structure.106  
 
 
 
 Polyhedral oligomeric silsesquioxane (POSS) is one example of a zero 
dimensional nanoparticle, whose general structure is shown in Figure 2.8. POSS is an 
inorganic-organic hybrid, containing an inorganic siloxane-like core, Si18O12, and 
organic substituents that can be modified with various groups.77 It is believed that POSS 
migrates to the surface of the composites during combustion to form a ceramic-like 
layer. This insulating layer slows oxygen permeation and protects the underlying 
composite from further degradation.109 Due to the structure of POSS, it can reinforce 
polymer chain segments and control chain motions by maximizing surface area and 
interaction with polymers in composites.109-110 In addition to reducing flammability, 
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incorporation of POSS is known to improve mechanical behavior.111 Colloidal silica 
particles also have a large interfacial area and are known to reduce flammability. 22-23, 112 
The flame-retardant mechanism of the silica nanoparticles, similar to POSS, is linked to 
the coagulation of the particles near the sample surface to form a protective barrier for 
evolved degradation products. 
 
 
Figure 2.8. General structure of POSS molecule (http://hybridplastics.com).  
 
 
 
 Metal hydroxides, such as aluminum trihydroxide (ATH) and magnesium 
hydroxide, can undergo endothermic decomposition to produce water upon heating 
above 200 °C.  This energy absorption is one of the key reasons these materials are 
flame retardant. As water releases into the vapor phase it dilutes the concentration of 
combustible gases produced by polymer decomposition, and limits the heat being fed 
back to the surface of the polymer.113 These minerals can reflect the heat when they 
accumulate on the surface. All inorganic hydroxides are relatively nontoxic, but they 
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generally require more than 50 % by weight of the substrates to pass the various fire 
tests.114 
 All PNC with inorganic fillers use a similar method to reduce flammability. In 
general, the nanoparticles reduce mass loss rate by slowing the rate of polymer pyrolysis, 
which in turn lowers the heat release rate when the polymer burns. The reason for the 
lowered mass loss rate is the protective barrier formed when the polymer 
nanocomposites decompose. Nanopartices are pushed by the numerous bubbles of 
degradation products and migrates to the surface of the polymer matrix.19, 115 As a result, 
a  protective inorganic barrier is formed on top of the composite surface that provides 
thermal insulation for the condensed phase, as shown in Figure 2.9.6, 18   
 
 
Figure 2.9. Schematic representation of combustion mechanism of PNC.18  
 
 
 
 Another proposed FR mechanism for nanocomposites involves formation of a 
three-dimensional nanofiller network structure that is formed after filler concentration 
has reached a critical loading or a threshold value.76 The threshold value is determined 
by the percentage and dispersion of the nanoparticles and they can only form the 
network with good dispersion. This network structure limits the movements of polymer 
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chains and as a result improves the melt viscosity of polymer nanocomposites. Also, the 
network structure can reduce the oxygen access to the composite and to the flammable 
volatiles. With poor dispersion, particles form isolated domains that are too far from 
each other to form an effective network. In a fire, polymer between these domains burns 
out very quickly because the regions between the isolated islands are exposed to a 
constant heat flux, as shown in Figure 2.10. 2D and 1D nanoparticles like clay and CNT 
can provide denser and more intact char layer than 0D spherical nanoparticles,116 but 
spherical particles can also hinder the polymer chains thermal motion. Physical 
crosslinking between nanoparticles allows the nanocomposite to retain its original shape 
during combustion.  
 
 
Figure 2.10. Schematic representation of the PNC with poorly dispersed filler (a) and a 
continuous filler network (b).117 
 
 
 
20 
 
  
 In addition to improving flame retardant properties, finely dispersed fillers can 
also dramatically reduce oxygen permeability of polymer nanocomposites, which is 
determined by the adsorption rate of gas molecules into the polymer matrix and the 
diffusion rate of those molecules through the matrix.52, 118-119 One of the ways dispersed 
filler improves the barrier properties of a composite is by creating a tortuous path for gas 
diffusion.120 Inorganic platelets are impermeable to most gas molecules, forcing them to 
travel around rather than taking a straight path through the composite, as shown in 
Figure 2.11. The result is a longer diffusion path for an oxygen molecule through the 
film in the presence of fillers.52, 121 The increased diffusion length, referred to as a 
tortuous path, was first modeled by Nielsen.122 This model assumes that fillers are 
shaped like rectangular platelets, that are evenly dispersed throughout the matrix, and 
supposes that the tortuous path is the only factor influencing the gas diffusion rate. In 
practice, the Nielsen model is valid only for small loading percentages (< 10 wt%). 
Improvements on this model include adjustments for random positioning of the filler 
throughout the matrix,123-124 as well as filler shape,  size and orientation.119, 125-127  
 
(b)           O2(a)            O2 
 
Figure 2.11. Oxygen diffusion path through neat polymer (a) and particles/platelets 
filled polymer (b).57 
21 
 
  
 Clay and other silicate materials are the most studied nanofillers for polymer 
composites. Incorporation of clay into a polymer matrix has been shown to enhance the 
gas barrier properties relative to the neat polymer,128-130 but it is very difficult to obtain 
complete exfoliation. High loading of nanofillers results in particle aggregation, which 
limits the achievable diffusion path tortuosity and results in deterioration of other 
properties like transparency and mechanical strength. In contrast to bulk composites, 
constructing films using layer-by-layer (LbL) assembly of polymer and clay has been 
shown to exhibit an oxygen transmission rate (OTR) below 5 x 10-3 cm3/(m2·day·atm) 
(Fig. 2.12 (a)).38, 131 It is believed the major factor contributing to this low OTR is the 
extremely high level of clay orientation, with platelets deposited perpendicular to the 
diffusion direction (Fig. 2.12 (b)). These films contain more than 80 wt% clay and 
remain completely transparent. 
 
(a) 
 
Figure 2.12. Oxygen transmission rate as a function of the number of PEI-MMT 
bilayers deposited on PET (a), and a TEM cross-sectional image of a 40-bilayer PEI-
MMT film (b).131  
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Figure 2.12.  Continued 
 
 
 
2.2.2 Other Flame Retardants 
 2.2.2.1 Halogen Containing FR. The effectiveness of halogen containing flame 
retardants improves in the order of F< Cl< Br < I.132 Fluorine and iodine form the 
strongest and weakest bonds with carbon, respectively, and do not interfere with 
thecombustion process, so they are not used in practice. Halogen containing FR interrupt 
the combustion process by interfering with the radical chain mechanism in the gas phase. 
High energy OH• and H• radicals are replaced with lower energy Br• or Cl• radicals.60 
Bromine is the most effective because its bond to carbon begins to degrade around 
290°C, compared to 380°C  for C-Cl bond, making Br• radicals more easily available to 
interfere with combustion. It is also believed that these radicals are released over a 
narrow temperature range so they are available in high concentration.60 Chlorine 
containing FR releases its free radicals over a wide temperature range, which lowers its 
concentration and makes it less effective.  
 
  
 An alternative theory has been proposed that explains the action of halogens in 
physical terms.133 According to this theory, only the total amount of halogen and not its 
nature is important.134 When  burning polymer is converted to gaseous fuel, the role of 
the halogens is to increase the total mass of vaporizing material without an equivalent 
increase in heat flux from the flame.135 Both approaches, the radical trap theory 
described above and this physical theory, complement each other. Halogens can inhibit 
the ignition of polymers, but they will not be very efficient in preventing combustion 
when the external heat flux is large enough to vaporize most of the polymeric material.  
 2.2.2.2 Phosphorus containing FR. Environmental concern over the use of 
halogen-based FR has led to the increased use of phosphorus-based FR.3, 136 These 
phosphorus-based compounds can be used as additives, or incorporated into the polymer 
chain during its synthesis, and can act in the condensed phase by enhancing char 137-138 
and in the gas phase by reducing energy of the flame.132 Phosphorus-based FR are 
particularly effective in polymers with high oxygen content, such as cellulose. In the 
presence of P-containing compounds the degradation path of cellulose is altered, 
flammable gas generation is reduced and dehydration of the cellulose occurs, which 
promotes char formation.139-141 
 With most phosphorus-containing FR, thermal decomposition leads to the 
production of phosphoric acid, which condenses to produce pyrophosphate structures 
and releases water (Fig. 2.13).142 The pyrophosphoric acid further dehydrates the 
polymer, forming a carbonaceous layer with a glassy coating. This protective layer 
shields the underlying polymer from attack by oxygen and heat.143 Phosphorus-based 
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flame retardants can also volatilize into the gas phase to form active radicals (PO2•, PO• 
and HPO•) and act as scavengers of H• and OH• radicals. Volatile phosphorated 
compounds are among the most effective combustion inhibitors because phosphorus-
based radicals are, on average, five times more effective than bromine and 10 times 
more effective than chlorine radicals.144 
 
 
Figure 2.13. Pyrophosphate formation from phosphoric acid condensation.105 
 
 
 
 2.2.2.3 Intumescent FR. Intumescent systems are a subset of FR technology 
commonly used to protect various construction materials like steel and wood.145-147  An 
intumescent system typically requires three components bound together with a binder: a 
source of carbon (char former), an acid source and a blowing agent that decomposes to 
cause foaming of the system.148 Typical examples of components used in intumescent 
systems are summarized in Table 2.1. During intumescence, the acid is released and 
esterifies the carbon-rich components at temperatures slightly above the acid release 
temperature. This mixture of materials then melts prior to, or during, esterification. The 
ester decomposes via dehydration, resulting in the formation of a carbon-inorganic 
residue. Gases, released from decomposition of the blowing agent, cause the carbon 
residue to foam. At the end of the reaction, solidification occurs in the form of 
multicellular foam (Fig. 2.14).149 This multicellular layer acts as an insulator, protecting 
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the underlying material from heat and flame and limiting the diffusion of oxygen into the 
material.150 
 
 
Figure 2.14. Schematic of intumescent coating expansion to form a highly porous, 
foam-like structure. 
 
 
 
Table 2.1. Examples of components in intumescent systems.149 
( a) Acid source (b) Carbonization agent 
Inorganic acid source (phosphoric, sulfuric, boric) Starch, dextrins, char-former polymers 
Ammonium salts (phosphates, borates, sulfates, 
halides) 
 
Phosphates of amine or amide (melamine 
phosphate) (c) Blowing agents 
Organophosphorus compounds (tricresyl 
phosphate, alkyl phosphates) Urea, melamine, dicyandiamide 
 
 2.2.2.4 Miscellaneous FR. Boron containing molecules also have been used to 
reduce flammability of polymers and nanocomposites (Fig. 2.15(a)).151-152 The flame 
retardant mechanism of boron containing molecules is believed to be due to formation of 
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a borate glass on the surface, which acts as a barrier.153 Boronic acids are known to 
release water, which leads to formation of  boroxine or boronic acid anhydride that can 
also form a boroxine glass and lead to high char formation.154  Nitrogen-based flame 
retardants have low smoke evolution during combustion, low toxicity and are suitable 
for recycling.155 The most important type of organic nitrogen flame retardant is 
melamine and its derivatives (Fig. 2.15(b)). The main applications for melamine are 
polyurethane flexible foams,156  melamine cyanature for nylons,157-158 and melamine 
phosphates for polyolefins.159-160 Hydroxycarbonates are another class of FR additives 
that are less widely utilized, but serve as an alternative to metal hydroxides (Fig. 
2.15(c)). In addition to releasing water at high temperatures, some carbonates (e.g., 
magnesium carbonate or magnesium hydroxycarbonate) also break down 
endothermically due to release of carbon dioxide.161 The temperature range for water and 
carbon dioxide release for hydroxycarbonates  is wider than it is for ATH (200-550 °C 
versus 180-220 °C), which suggests that they may have similar or better flame retardant 
properties.162  
 
(a) (b) (c) 
 
Figure 2.15. Examples of boron-rich (a), nitrogen-rich (b) and hydroxycarbonate (c) 
molecules used as flame retardant additives. 
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2.2.3 Layer-by-Layer Assembly 
 As mentioned in Chapter I, layer-by-layer assembly has become a popular 
method for construction of multilayer thin films that combines ambient processing and 
nanoscale control over film structure. Since the pioneering work of Iler in 1966,163  the 
polyelectrolyte multilayer concept has been extended by Decher and coworkers in the 
early 1990s to the deposition of natural materials (e.g., proteins and DNA) and 
particles.164-166 Typical LbL deposition consists of building multilayered thin films by 
consecutive adsorption of oppositely charged polyelectrolytes and/or nanoparticles onto 
a substrate, as shown in Figure 1.1.  This simple procedure is then repeated to deposit a 
given number of cationic and anionic pairs, known as bilayers (BL). LbL deposition 
allows for various materials to be incorporated into a film, including conventional 
polyelectrolytes,167-168 dendrimers,169-170 colloidal nanoparticles,25, 171 porphyrins,172-173 
clay,174-176 quantum dots,177-178 nanotubes and nanowires,179-181 and organic dyes.182-183 
LbL assembly does not require harsh chemical conditions, so it is suitable for using 
renewable materials. Because many naturally occurring materials have charged sites on 
their surface, they can be incorporated into  LbL structures. This has been demonstrated 
by assembling films of charged polysaccharides, 184-186 proteins,187-188 DNA,189  
polypeptides,190-191 viruses,192-193  and various enzymes.194-195  
 Chitosan is a renewable polymer that has been used in LbL films for more than a 
decade.196 The most distinguishing property of chitosan is biocompatibility, which 
makes it possible for chitosan to interact with biomolecules without degrading them. 
Chitosan has been used as a matrix to build devices with tailored properties including 
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sensing,197-198 drug and gene delivery,199 anticoagulant,200 and antimicrobial.201-202 
Chitosan has been the matrix for several enzymes to preserve their activity.203-204 One 
example of a glucose biosensor based on LbL of chitosan and glucose oxidase (GOD), 
on a Prussian blue film, is shown in Figure 2.16.205 In addition to flat surfaces, LbL can 
be applied to three dimensional substrates. Lu et al. used cationic chitosan and anionic 
carboxymethyl chitosan to build stimuli responsive drug carrying hollow microspheres, 
as shown in Figure 2.17. Hydrodynamic diameters of the hollow chitosan-based capsules 
can be controlled by the ionic strength of the media.206 
 
 
Figure 2.16. Schematic of the preparation process of a glucose biosensor.205 
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Figure 2.17. TEM images of hollow chitosan microspheres.206 
 
  
 Collagen is another natural material that has been deposited using LbL 
assembly.207-208 Figure 2.18 shows an AFM surface image of a multilayer film of 
collagen (COL) and hyaluronic acid (HA). This film’s structure is more complex than a 
simple adsorption of alternatively charged layers. Because collagen is a fibril like 
material, the growth mechanism involves an increase of fiber diameters due to HA 
covering previously deposited collagen fibers, allowing new incoming collagen 
molecules to adsorb again along the HA-coated fibers.209 
 
 
 
Figure 2.18. AFM height images of a collagen layer (a), PEI/(HA/COL)1 (b), 
PEI/(HA/COL)5 (c) and PEI/(HA/COL)12 (d and e) multilayered films deposited on a 
glass slide.209 
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 Collagen can also be paired with cellulose nanowiskers (CNW) (Figure 2.19 (a)). 
Due to the presence of the collagen amide group and -OH groups of CNW, this film is 
able to build through hydrogen bonding rather than electrostatic attraction. Figure 2.19 
(b) shows the surface morphology of a 10 BL film grown on a glass substrate. This 
image clearly shows that the CNW are densely packed and homogeneously adsorbed on 
the surface, which has also been observed in assemblies of  PEI and clay.131 All of these 
results suggest that high density and uniform distribution of nanoparticles on the surface 
are characteristics of LbL assembly.  
 
(a) 
 
Figure 2.19.  TEM image of the cellulose nanowiskers (a) and 10-bilayer 
collagen/cellulose nanowisker film.210 
 
 
 
 The combination of densely packed nanoparticles in LbL films, with the ability 
to coat three dimensional substrates, has led to the idea of creating a flame retardant 
coating for cotton fabric.17 Cotton fabric was coated with polyethylenimine (PEI) and 
sodium montmorillonite clay. Figure 2.20 shows uncoated fabric and fabric coated with 
five bilayers of PEI-MMT before and after flame exposure. Each individual yarn was 
31 
 
  
protected by the clay-based coating, whereas the ashes from the control fabric show little 
structure. These studies lay the groundwork for the natural materials-based 
antiflammable (Chapter III, IV and VI) and oxygen barrier (Chapter V) systems 
presented in this dissertation. 
 
(a) 
(c) (d) 
 
Figure 2.20. SEM images of uncoated fabric before (a) and after (c) the vertical flame 
test. SEM images of fabric coated with 5 BL of PEI-MMT before (b) and after (d) 
vertical flame testing.17  
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CHAPTER III                                                                                       
GROWTH AND FIRE RESISTANCE OF COLLOIDAL SILICA-BASED THIN FILM 
ASSEMBLIES* 
 
3.1 Introduction 
 Layered silicates have been investigated extensively as an environmentally-
friendly alternative to the use of halogenated compounds in flame retardant 
applications.5, 7-8  Combining smectite clays with polyelectrolytes in thin films on cotton 
reduces burn time, afterglow and peak heat release rate.17  Colloidal silica is another 
inorganic additive known to reduce flammability 21-23  and has been successfully 
incorporated into the LbL process.24-26  The proposed mechanism for this flame retardant 
behavior is aggregation of particles on the surface of nanocomposites that forms an 
insulating layer, which limits heat transfer.112 Despite improving thermal stability, 
adding nanoparticles is known to increase viscosity and modify mechanical properties of 
the final polymeric material, making their use prohibitive for many practical 
applications.79, 211  With LbL assembly, nanoparticles are deposited directly onto the 
surface of the substrate as a thin layer, which allows the mechanism of protection to 
remain without the challenges associated with processing or adversely modifying 
mechanical behavior. 
  
 
*Reprinted with permission from Laufer, G.; Carosio, F.; Martinez, R.; Camino, G.; Grunlan, J. 
C. Growth and fire resistance of colloidal silica-polyelectrolyte thin film assemblies. J. Coll 
Interf Sci 2011, 356, 69-77. © 2011 Elsevier. 
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 In this chapter, the flammability of cotton fabric is shown to be reduced by 
depositing bilayers of polyethylenimine and colloidal silica (or positive and negative 
silica only) via LbL assembly. Growth trends and surface structure of films with varying 
composition revealed that when PEI is present as the cationic component, thicker and 
heavier coatings are produced due to better deposition of silica nanoparticles. Ten and 20 
BL coatings were evaluated with respect to microstructure and flammability. 
Microscopic images revealed that 20 BL films were cracking and flaking in all of the 
systems.  As a result, fabrics coated with 10 BL exhibited better flame retardant behavior 
(i.e., reduced heat release rate and increased post-burn char). Heat release rate was 
reduced by all coated samples, but a 10 BL coating of PEI- Ludox SM reduced peak heat 
release by 20% and heat release rate by 17%. Pre-soaking the cotton in an aqueous 
NaOH solution before LbL deposition further improves this behavior due to increased 
negative charge on the surface of the cellulosic fibers.212 This work demonstrates a 
simple method for uniformly depositing thin films on the complex surface of cotton 
fibers and the efficacy of colloidal silica as an alternative to inorganic clay platelets for 
flame retardant fabric. 
 
3.2 Experimental 
3.2.1 Materials 
 Anionic deposition solutions consisted of 1.0 wt% colloidal silica, with particle 
diameters of 27±5 or 8±3 nm (tradename Ludox TM and Ludox SM, respectively) 
(Aldrich, Milwaukee, WI), in deionized water (18.2MΩ).  Cationic solutions were 
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prepared by adding 0.1wt% of branched polyethylenimine (PEI), with molecular weight 
of 25,000 g/mol (Aldrich, Milwaukee, WI), or 1 wt% of CS with 12±2 nm diameter 
(tradename Ludox CL) (Aldrich, Milwaukee, WI) to deionized water. Specifications of 
Ludox particles are summarized in Table 3.1. The pH of the PEI was adjusted to 10 with 
hydrochloric acid (HCl).  Single-side-polished (1 0 0) silicon wafers (University Wafer, 
South Boston, MA) were used as a substrate for film thickness characterization. For the 
presoaking solution, sodium hydroxide (NaOH) was added to deionized water until pH 
10 was achieved. Cotton fabric was supplied by the USDA Southern Regional Research 
Center (New Orleans, LA). The fabric was a balanced weave with approximately 80 
threads per inch in both the warp and fill direction, with a weight of 119 g/m2. 
 
Table 3.1.  Properties of colloidal silica dispersions.  
  Ludox SM Ludox TM Ludox CL 
Particle size (nm) 8±3 27±5 12±2 
Particle surface charge Negative Negative Positive 
Counterion Na+ Na+ Cl- 
Chloride content (wt%) - - 0.03 
Sodium content (wt%) 0.56 0.21 - 
 
 
 
3.2.2 Layer-by-Layer Deposition 
 Prior to deposition, the silicon wafers were rinsed with acetone and deionized 
water, and then dried with filtered air. In the case of cotton, it was dried in the oven for 1 
hour at 70 °C prior to deposition. All films were deposited on a given substrate (Si wafer 
of cotton fabric) using the procedure shown schematically in Figure 1.1. The substrates 
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were alternately dipped into positive and negative mixtures. Initial dips were 5 min and 
each subsequent dip was 1 min. Each dip was followed by rinsing with deionized water 
and, in case of silicon wafer, drying with air. For NaOH treated cotton, it was soaked in 
a pH 10 solution for 1 minute prior LbL deposition. Fabrics were wringed out to expel 
liquid as an alternative to the traditional drying step. After the desired number of bilayers 
was achieved, fabrics were dried at 70 °C in an oven for 2 hours before testing. 
3.2.3 Characterization of Film Growth, Structure and Properties 
 Film thickness was measured with a PHE-101 Discrete Wavelengh Ellipsometer 
(Microphotonics, Allentown, PA). The 632.8 nm laser was used at an incidence angle of 
65°. The weight per deposited layer was measured with a Maxtek Research Quartz 
Crystal Microbalance (RQCM) (Infinicon, East Syracuse, NY), with a frequency range 
of 3.8−6 MHz, in conjunction with 5 MHz quartz crystals. Cross sections of the films 
were imaged with a JEOL 1200 EX transmission electron microscope (Mitaka, Tokyo, 
Japan), operated at 110 kV. Samples were prepared for imaging by embedding a piece of 
fabric supporting the LbL film in epoxy and sectioning it with a microtome equipped 
with a diamond knife. Surface images of control and coated fabrics before and after the 
flame test were acquired with a Quanta 600 FE-SEM (FEI Company, Hillsboro, OR). 
 The thermal stability of uncoated and coated fabrics was measured with a Q50 
Thermogravimetric Analyzer (TA Instruments, New Castle, DE). Each sample weighed 
approximately 20 mg and was run under air from room temperature to 600 °C, at a 
heating rate of 20 °C/min. Vertical flame tests were conducted on coated and virgin 
fabrics according to ASTM D6413-08 using an Automatic Vertical Flammability 
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Cabinet, model VC-2 (Govmark, Farmingdale, NY). Micro combustion calorimeter, 
model MCC-1 (Govmark), tests were performed at the University of Dayton Research 
Institute (Dayton, OH). Samples were tested at a 1 °C/sec heating rate under nitrogen 
from 200 to 600 °C using method A of ASTM D7309, without additional conditioning 
prior to testing. 
 
3.3 Results and Discussion 
3.3.1 Film Growth and Microstructure 
 The growth of four different colloidal silica-based assemblies (PEI-Ludox SM, 
PEI-Ludox TM, Ludox CL- Ludox SM, and Ludox CL- Ludox TM) was monitored with 
ellipsometry, as shown in Figure 3.1 (a). All four systems grow linearly as a function of 
bilayers deposited. When polyethylenimine is one of the two components, the films 
grow at a much higher rate as compared to all-silica films. It is possible that PEI 
provides better adsorption conditions for silica particles due to its flatter (or smoother) 
deposition and low modulus. PEI is commonly used as a primer layer for LbL deposition 
due to its adhesive characteristics.213-215  In all cases, with or without PEI, the average 
thickness of a bilayer is significantly smaller than a single silica particle diameter. It has 
been reported that at the initial stages of growth, nanoparticles form isolated domains, 
which lead to incomplete surface coverage.216 This effect may be exaggerated for all-
silica assemblies due to relatively weak adhesion between layers. A combination of this 
inhomogeneous film growth and seating of colloidal particles in the interstitial spaces of 
the preceding layer is believed to account for this thin growth. 
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(a) 
(b) 
Figure 3.1. Thickness (a) and mass (b) of four different silica-based LbL assembly 
compositions as function of bilayers deposited. The inset of (b) shows the much lighter 
(thinner) growth of the all-silica systems. 
 
 
 
 To further investigate film growth, a quartz crystal microbalance was used to 
measure mass increase per layer deposited, as shown in Figure 3.1 (b). The growth 
behavior of all systems is similar to the linear trend observed with ellipsometry, with the 
growth rate of PEI-silica being larger than that of silica-silica. The weight of a 5 BL PEI-
 
  
silica system is more than a 20 BL all-silica film. From Table 3.2, it can be seen that 
silica is the main ingredient contributing to weight, with PEI being less than 10 wt% in 
the film. Not only is silica a higher density material, its thickness per layer is much 
greater. It has already been observed that PEI only deposits ~3.5 nm per layer at pH 
10.131 Table 3.2 also shows that films with smaller silica particles (Ludox SM) always 
result in higher density. A tighter packing of particles around the cotton fiber should 
reduce the surface of the fiber exposed to flame. As expected, coatings made with this 
smaller silica, exhibit better flame retardant properties than coatings made with the 
larger Ludox TM (see the tables on pages 43 and 49 respectively). 
 
Table  3.2.    Composition and density of colloidal silica assemblies. 
  cation (wt%) anion (wt%) density (g/cm
3) 
Ludox CL/Ludox SM 75 25 1.36 
Ludox CL/Ludox TM 58 42 1.06 
PEI/Ludox SM      7.9    92.1 1.72 
PEI/Ludox TM      8.1    91.9 1.45 
 
 
3.3.2 Deposition on Cotton Fabric 
 Figure 3.2 shows cross sections of single cotton fibers coated with 20 BL of 
Ludox CL- Ludox TM (Fig. 3.2 (a)) and 20 BL of PEI-Ludox TM (Fig.3.2 (b)). These 
systems are highlighted because the relatively large particle diameters are easier to 
visualize. Lack of coating thickness uniformity observed in these images is likely the 
result of fibers touching one another during LbL deposition and loss of coating during 
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sectioning due to the weakly charged cellulose surface, which causes the assemblies to 
attach to the surface more weakly than to more highly charged, smooth surfaces (e.g., Si 
wafer).  Additionally, the difference in modulus between the cellulosic substrate and 
silica-based coatings may contribute to some cracking and flaking. Because coating 
deposited on fiber’s surface is less than 250 nm thick, it does not modify the aesthetics 
and feel of the fabric. 
 
 
 
Figure  3.2.   TEM cross section of cotton fiber with 20 BL Ludox CL-Ludox TM (a) 
and 20 BL PEI-Ludox TM (b) coatings.  
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 Figure 3.3 shows the difference in fiber coverage between 10 and 20 BL 
coatings. Fibers coated with 10 BL of Ludox CL-Ludox TM (Fig. 3.3(a)) are fully 
covered, but uncoated spots are observed on the fiber’s surface with 20 BL (Fig. 3.3(b)). 
A similar trend is observed with the PEI-Ludox TM system, where the 10 BL coating 
(Fig. 3.3(c)) looks heavier than the 20 BL coated fibers (Fig. 3.3(d)). This suggests that a 
20 BL coating is too heavy to be held by weak charges on the cotton fiber’s surface. It is 
expected that fabric coated with 10 BL will exhibit better flame retardant properties due 
to this more complete coverage of the fibers. It should also be noted that PEI-containing 
coatings (Fig. 3.3(c) and (d)) appear much thicker than all-silica coatings (Fig. 3.3(a) and 
(b)). This observation supports the ellipsometric thicknesses data (Fig. 3.1(a)) and 
suggests the PEI-based coatings will exhibit better anti-flammable behavior.  
 
 
 
 
Figure  3.3.  SEM images of cotton fabric coated with 10 BL (a) and 20 BL (b) Ludox 
CL-Ludox TM, and10 BL (c) and 20 BL (d) PEI-Ludox TM. 
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 As discussed above, cotton’s low surface charge is one of the contributing factors 
to flaking of the coating.  Untreated cotton has non-cellulose compounds such as waxes, 
pectins, and proteins on its outer surface  that diminish surface charge.217  This surface 
charge can be increased, and the contaminants removed, by exposing the cotton fabric to 
an aqueous NaOH solution at pH 10.212 At pH 10 this solution is relatively dilute, so 
there is no damage to the fibers. This NaOH treatment allows the initial layers to better 
anchor themselves to the fabric and provide improved adhesion for subsequent layer 
deposition. Figure 3.4 shows the difference in fiber coverage for untreated and NaOH 
pretreated 10 BL PEI-Ludox SM (Fig. 3.4(b)). The treated fabric clearly exhibits a 
heavier and more evenly distributed coating (and higher weight gain for 10 BL in Table 
3.3), which ultimately provides greater residue in the TGA (see Table 3.3). 
 
 
 
Figure 3.4.    SEM of cotton fibers coated with 10 BL PEI-Ludox SM with (a) and 
without (b) NaOH pretreatment. 
 
 
 
42 
 
  
3.3.3 Flame Resistance and Thermal Stability of Fabric  
 Cotton fabric was coated with 10 and 20 bilayers of the four systems described in 
the previous section.  The weight added to fabrics was determined by weighing before 
and after coating (reported as percent of original mass in Table 3.3). Fabric weight gain 
does not show the same trend observed with QCM, where films with Ludox TM had a 
higher weight gain. This observation can be explained by the different chemistries of the 
deposition substrates. As mentioned earlier, the surface charge of cotton fabric is weak 
and the coating partially flakes off as it reaches a critical thickness (or mass) that cannot 
be supported by the weak charge. Films with Ludox TM (27 nm diameter) grow thicker 
and heavier, so they will experience flaking of the coating earlier than those with Ludox 
SM (8 nm diameter). 
 
Table 3.3.  Coating weight added to fabrics and residue after heat treatment. 
  
# BL % gain
% residue % residue 
  (@ 500°C) (@ 600°C) 
Control        5.3 0.2 
Ludox CL/Ludox SM 
10 3.49     10.7 3.9 
20 5.79     10.7 4.6 
Ludox CL/Ludox TM
10 1.98       8.8 2.7 
20 2.01      6.9 1.8 
PEI/Ludox SM 
10 5.65    13.6 4.7 
10NaOH 6.88    15.7 5.9 
20 8.13  14 6.0 
PEI/Ludox TM 
10 4.96     11.8 4.3 
20 5.07     11.8 4.5 
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 Figure 3.5 shows TGA results for the four different coating systems at 10 (Fig. 
3.5(a)) and 20 BL (Fig. 3.5(b)). Coated fabrics show a slightly slower degradation from 
100-300 °C and a significantly higher residue as compared to the control at final stage of 
the test. As expected, systems containing Ludox SM perform better than systems with 
Ludox TM.  Also worth noting is that samples coated with 10 BL produced the same or 
greater residue than fabrics coated with 20 BL of the identical composition. The residue 
amounts for the control fabric and each coated fabric are summarized in Table 3.3. For 
the most part, the weight retained after heating to 600 °C is proportional to the initial 
coating weight. The amounts of char obtained after heating correlate well with flame 
retardance.218 In all cases, the coated fabric had at least an order of magnitude greater 
residue than the control.  
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(a) 
Figure 3.5.   Weight loss as a function of temperature for uncoated (control) and 10 BL 
(a) or 20 BL (b) coated fabrics.  
 
 
  
(b) 
 
 
Figure 3.5.  Continued. 
 
 
 
 Vertical flame testing (ASTM D6413) was used to evaluate the coated fabric’s 
flammability. After ignition, flame spreads slower on coated fabrics and, as a result, 
these fabrics also have twice the afterflame time (fire on the sample after direct flame is 
removed) compared to the control. Despite the longer afterflame, afterglow was reduced 
by at least 17 seconds for coated fabrics.  Afterglow time is important because it shows 
how long fabric continues to burn without flame and longer afterglow increases the 
chances of fire reigniting. Following the test, there was no fabric left on the control 
sample holder, as shown in Figure 3.6. Coatings with Ludox CL-Ludox SM and PEI- 
Ludox SM (i.e., smaller silica) left the highest amounts of residue. As discussed earlier, 
tightly packed silica particles shield cotton fibers from rapid degradation at high 
temperatures by reducing cotton availability on the surface. Samples coated with Ludox 
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CL- Ludox TM and PEI- Ludox TM (i.e., larger silica) did not perform as well due to 
lower packing density, but still retained a significant amount of residue.  
 
 
Figure 3.6.   Images of control and 10 BL coated fabrics following vertical burn testing. 
 
 
 
 Following burning, the surfaces of all fabrics were imaged with SEM to evaluate 
the retention of fabric structure. The after burn image of the uncoated control is omitted 
because there was no fabric left after the vertical flame test.  All four coated samples 
were able to preserve the fabric weave structure, although significant shrinking of 
individual fibers is observed in Figure 3.7 (for most systems).  Fiber shrinkage is 
somewhat expected due to poor packing of spherical nanoparticles and non-inform 
coverage of fibers that cannot provide as effective of a protective shell for cotton, which 
contributes to the further degradation of fibers, especially for larger silica coatings 
(Fig.3.7 (d) and (e)).  Higher magnification of Figure 3.7(e) confirms cracking of the 
coating; this cracking is likely due to the high modulus and weaker bonding of this larger 
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silica system (Ludox CL-Ludox TM). The highest magnification image, with 1μm scale 
bar, clearly shows the colloidal nature of the coating and its protective shell nature. 
 
 
Figure 3.7.  SEM mages of control fabric before vertical flame test (a), and 10 BL 
coated fabrics following the vertical burn test: PEI- Ludox SM (b), Ludox CL-Ludox 
SM (c), PEI- Ludox TM (d), and Ludox CL-Ludox TM (e). 
 
 
 
 Micro combustion calorimetry (MCC) was used to evaluate heat release during 
burning of these cotton fabrics. MCC is a small scale instrument that measures the heat 
of combustion of the pyrolysis products by oxygen consumption calorimetry.  Fabrics 
were tested under nitrogen up to 600 °C.  These heat release measurements are 
summarized in Table 3.4. Peak heat release rate (pkHRR) is the maximum heat release 
rate during the experiment. The higher the pkHRR value, the more heat is given off by 
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the sample. The pkHRR temperatures and the total heat release (HR) are shown in Table 
3.4. All coated fabrics show a higher residue mass and a decreased pkHRR, as compared 
to the control. Comparison of HRR curves between control and fabrics coated with 10 
BL PEI/Ludox SM and Ludox CL/Ludox SM is shown in Figure 3.8. The maximum 
reduction in pkHRR (20 %) and HRR (17 %) was observed in the fabric coated with 10 
BL of PEI/Ludox SM, this agrees well with TGA results.  This same coating also 
produced the greatest amount of char (~13 wt%), which is more than double the coating 
weight (see Table 3.3). Increasing the number of bilayers to 20 does not improve thermal 
stability of the fabrics based on the MCC data.  This was expected based upon the patchy 
appearance of the coating due to cracking and flaking (see Fig. 3.3). 
 
 
Figure 3.8.  Heat release rate curves for uncoated control and 10 BL coated fabrics. 
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Table 3.4. Micro combustion calorimeter results for various coatings on cotton fabrics 
 
 BL Char yield 
(wt%) 
pkHRR 
(W/g) 
pkHRR 
(°C) 
Total HR 
(kJ/g) 
Control - 4.98 285 381 12.8 
Ludox CL/ Ludox SM 10 9.53 253 375 11.7 
20 9.58 243 365 11.7 
Ludox CL/ Ludox TM 10 6.89 240 361 12.2 
20 6.27 245 361 12.4 
PEI/ Ludox SM 10 13.07 227 390 10.5 
20 13.02 234 388 11.2 
PEI/ Ludox TM 10 9.59 258 386 11.6 
20 9.04 268 380 11.5 
 
3.4 Conclusions 
 Silica-based thin film assemblies were deposited on cotton fabric to impart 
flame-retardant behavior.  All assemblies exhibited linear growth as a function of the 
number of bilayers deposited.  The presence of PEI as the cationic component resulted in 
significantly thicker and heavier coatings.  When cotton was used as a deposition 
substrate, coatings containing larger silica (i.e., Ludox TM with 27 nm particle diameter) 
appear to flake off at 20 BL due to weak fabric surface charge and high coating mass. 
Treating cotton fabric with an aqueous NaOH solution prior to LbL assembly increases 
negative charge of the substrate and results in improved deposition and flame retardant 
behavior compared to coating on untreated cotton. The flame retardant properties of 10 
and 20 BL coated fabric were tested using TGA, vertical flame, and micro combustion 
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calorimetry. All of the coated fabrics left a significant amount of char following the 
vertical flame test and retained the fabric weave structure, as observed by SEM.  
Additionally, micro calorimeter testing revealed a lower peak heat release rate for coated 
fabrics. With respect to silica particle size, coatings made with small silica particles (~8 
nm) resulted in better flame retardant properties relative to those made with large 
particles (~27 nm). Smaller colloids achieve a higher practical packing density around 
the cotton fibers.  This work demonstrates a simple and convenient method for 
depositing flame retardant thin films on cotton, a very complex substrate geometry, 
using relatively benign ingredients (from an environmental standpoint). More work is 
underway to reduce cotton flammability with other nanoparticles (e.g., layered 
hydroxides) and surface treatments. 
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CHAPTER IV                                                                                       
CLAY-CHITOSAN NANOBRICK WALLS: COMPLETELY RENEWABLE FLAME 
RETARDANT NANOCOATINGS* 
 
4.1 Introduction 
 Polysaccharides are naturally occurring polymers that are widely available in 
nature. Of the many kinds of polysaccharides, chitin is the second most abundant after 
cellulose.219 Chitin is extracted from the shells of crustaceans (e.g. lobsters and shrimp) 
and the exoskeletons of arthropods (e.g. insects). Despite its abundance, unmodified 
chitin’s usefulness is very limited due to its poor solubility in most solvents. Chitosan, 
an amino polysaccharide obtained by alkaline deacetylation of chitin (see structure in 
Figure 4.1),220  is soluble in acidic aqueous solutions because of the protonation of its 
amino groups below a pH of 6.2.221-222  In addition to its solubility, chitosan is 
biodegradable, biocompatible, and benign. These traits have led to significant study of 
chitosan’s use in biomedical applications such as drug delivery,223-226 wound-dressing 
materials,227-229 artificial skin,230-232 and blood anticoagulants.233-234 Chitosan’s positive 
charge at low pH also allows it to be alternately deposited with negatively charged 
molecules or nanoparticles to produce multilayer thin films from aqueous solutions.219, 
235 
 
*Reprinted with permission from Laufer, G.; Kirkland, C.; Cain, A. A.; Grunlan, J. C. Clay-
chitosan nanobrick walls: Completely renewable gas barrier and flame-retardant nanocoatings. 
ACS Appl Mater Interf  2012, 4, 1643-1649. © 2012 American Chemical Society. 
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In LbL assembly,  clay nanoplatelets have often been paired with polymer to improve 
mechanical,176, 236 thermal,237-238 and barrier131, 239-240 properties of the substrate. 
Montmorillonite is the most widely used anionic clay and is part of the smectite group. 
In addition to being exfoliated in water to produce 1 nm thick anionic platelets (l/d~200), 
montmorillonite is benign, naturally abundant and relatively low cost. 
 
 
Figure 4.1. Chemical structure of chitosan and montmorillonite. 
 
 
 
 In this chapter, in an effort to create fully renewable flame retardant assemblies, 
thin films of chitosan and montmorillonite clay were deposited on polyurethane (PU) 
foam. These polymer-clay thin films resemble nano brick walls, with CH acting as the 
mortar holding the MMT bricks together. In terms of fire safety, PU foam (without 
flame retardant additives) is very flammable, often resulting in dripping of melted 
material that enhances flame spread through the formation of a pool fire under the 
burning object. If the pool fire is close enough to another flammable object, the result 
can be a self-propagating fire.1  Just ten bilayers of CH pH 6-MMT cuts the peak heat 
release rate of open-celled, flexible PU foam in half. This same treated foam maintains 
its shape, with no signs of melting, when exposed to direct flame from a butane torch for 
10 s. These results demonstrate the ability to create a fully renewable nanocoating 
52 
 
  
capable of imparting significant fire resistance to PU foam (e.g. for building insulation 
or furniture padding).   
 
4.2 Experimental 
4.2.1 Materials 
 Cationic deposition solutions were prepared by adjusting the pH of deionized 
water (18.2MΩ, pH~5.5) to 2 with hydrochloric acid (HCl) and then adding 0.1 wt% 
chitosan (MW 50-190 kDa, 75-85% deacetylated) purchased from Aldrich (Milwaukee, 
WI).  This aqueous solution was magnetically stirred for 24 hours until the chitosan was 
completely dissolved. Solution pH was adjusted to 3 or 6 with 1 M NaOH just prior to 
deposition. Anionic solutions were prepared by adding 1.0 wt% of sodium 
montmorillonite, tradename Cloisite® Na+  provided by Southern Clay Products, Inc. 
(Gonzales, TX), to deionized water and rolling for 24 h.  This MMT has a cationic 
exchange capacity of 0.926 meq/g and a negative surface charge in deionized water 241.  
Individual platelets have a density of 2.86 g/cm3, with a planar dimension of 10 – 1000 
nm (average is around 200 nm) and a thickness of 1 nm 242.  Single-side-polished (1 0 0) 
silicon wafers (University Wafer, South Boston, MA) were used as the substrate for film 
thickness characterization and 125 µm polystyrene (PS) film (Goodfellow, Oakdale, PA) 
was used for TEM images. Polyester-based polyurethane foam (United Foam, Denver, 
CO), with 100 pores per linear inch (ppi) and without flame retardant additives, was 
used for flammability experiments.  
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4.2.2 Layer-by-Layer Deposition 
 Prior to deposition, the silicon wafers were rinsed with acetone and deionized 
water, and then dried with filtered air. In the case of PS, methanol was used in place of 
acetone. This substrate was then corona treated, using a BD-20C Corona Treater 
(Electro-Technic Products, Inc., Chicago), to create a negative surface charge. Foam 
samples were dipped into 0.1 M nitric acid for 30 seconds prior to LbL deposition, and 
then dipped into a 1wt% branched polyethylenimine solution (pH 10, MW 25 kDa) as a 
primer layer, to improve adhesion.  All films were deposited on a given substrate using 
the procedure described in Section 3.2.2. After the desired number of bilayers was 
deposited, foam samples were dried at 80 °C in an oven for 2 hours before testing. 
4.2.3 Characterization of Film Growth, Structure and Properties 
  Film thickness was measured with an alpha-SE Ellipsometer (J. A. Woollam 
Co., Inc., Lincoln, NE). Surface images of control and coated foam samples were 
acquired with a JEOL JSM-7500F FESEM (JEOL Ltd., Tokyo, Japan). Platinum coating 
of 8 nm was deposited on all samples prior to the imaging to prevent charging. Surface 
topography was imaged with a Nanosurf EasyScan 2 Atomic Force Microscope (AFM) 
(Nanoscience Instruments, Inc., Phoenix, AZ).  Foam flammability was evaluated by 
exposure to direct flame from a ST2200 butane micro torch (Benzomatic, 
Huntersville, NC) for 10 seconds (approximate flame temperature 2400°F blue flame). 
Cone calorimetry was performed at the University of Dayton Research Institute using an 
FTT Dual Cone Calorimeter at one heat flux (35 kW/m2), with an exhaust flow of 24 
L/s, using the standardized cone calorimeter procedure (ASTM E-1354-07).   
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4.3 Results and Discussion 
4.3.1 Film Growth and Microstructure 
 Growth of chitosan-clay assemblies, as a function of bilayers deposited (Figure 
4.2(a)), was monitored using ellipsometry. Both films exhibit linear growth, but film 
growth at pH 6 is much thicker than the growth at pH 3. It was previously shown that 
LbL deposition results in the majority of clay platelets being deposited as a single 
layer,131 which means that the difference in thickness is primarily influenced by chitosan 
deposition. Chitosan has primary amine groups that make its conformation and charge 
density pH dependent, which influences the thickness of adsorbed layers. At pH 3, 
chitosan is fully ionized and electrostatic repulsions of the free ammonium groups cause 
polymer chains to become elongated and deposit very thinly onto a substrate.243 As 
polymer pH increases, the amines become deprotonated and ionic repulsions are 
reduced, leading to a more globular conformation of the chains. Lack of self-repulsion 
leads to thicker films, as shown in Figure 4.2(a). These same trends are observed when 
growth is measured as a function of weight deposited using a quartz crystal 
microbalance (QCM).  
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(a) 
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(b) 
 
Figure 4.2. Thickness (a) and mass (b) of chitosan-clay assemblies as a function of 
bilayers deposited. 
 
 
 
 Figure 4.2(b) shows the weight of each deposited layer for films made with pH 3 
or pH 6 chitosan. The growth trend of both systems is similar to the linear trend 
observed with ellipsometry (Figure 4.2(a)), with higher pH generating heavier layers. It 
is interesting to note that films at pH 6 also have higher clay loading (expressed as 
weight percent in Table 4.1), which is somewhat counterintuitive. Previous work with 
clay-polyethylenimine assemblies showed that thicker polymer deposition resulted in 
 
  
lower clay concentration due to greater spacing between single clay layers.131 High pH 
(low charge density) chitosan deposits less uniformly, creating a rough surface. The 
coverage of chitosan at different pH levels was revealed by depositing CH onto a Si 
wafer as a single layer and scanning with AFM. As expected, the surface is very smooth 
due to strong adsorption of the extended, high charge density polymer at pH 3 (Fig. 
4.3(a)). At pH 6, chitosan deposits as clustered globules, as shown in Figure 4.3(b). This 
nanoscopic roughness provides greater surface area for clay platelets to deposit onto (see 
proposed schematic of this structure in Figure 4.2(a)). At low pH, the polymer deposits 
smoothly onto a substrate and clay can only deposit parallel to the substrate. Higher clay 
concentration at pH 6 results in higher density of the films (Table 4.1).  
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(a) (b) 
Figure 4.3. AFM height images of a single chitosan layer deposited from pH 3 (a) and 
pH 6 (b) solutions. 
 
 
 
 
 
 
  
Table 4.1 Composition and density of CH-MMT assemblies. 
  CH (wt%) MMT (wt%) Density (g/cm3) 
CH pH 3/MMT 33.79 66.21 1.19 
CH pH 6/MMT 10.69 89.31 1.89 
 
  
 
 TEM cross-sections of 100 BL films made with pH 3 and pH 6 chitosan are 
shown in Figure 4.3. These images clearly show the high level of clay orientation and 
the structural differences between high and low pH (resembling the schematic images in 
Figure 4.2(a)) The film deposited with pH 6 (Figure 4.4(a)) is much thicker than that 
made with pH 3 CH (Figure 4.4(b)) and also shows some misaligned clay platelets. 
Furthermore, the thickness of these films agrees well with the value extrapolated from 
the ellipsometric growth curves in Figure 4.2(a). This nano brick wall structure has 
already been shown to exhibit low oxygen permeability and flame retardant behavior.17, 
38 
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(a) 
(b) 
Figure 4.4. TEM cross sections of 100 of BL CH pH 6-MMT (a) and 100 BL of CH pH 
3-MMT (b) deposited on polystyrene. 
 
 
 
4.3.2 Flame Retardant Behavior on Polyurethane Foam  
 Ten bilayers of high and low pH chitosan and clay were deposited onto open-
celled, flexible polyurethane foam. The weight added to foam was determined by 
weighing before and after coating (reported as percent of original mass in Table 4.4). 
Figure 4.5 shows the surfaces of an uncoated control and foam coated with CH ph 3-
MMT and CH pH 6-MMT (Figure 4.5(a), (b), and (c) respectively). The control foam is 
very smooth, while the coated foam has a uniform nanotexture that confirms the 
conformal nature of layer-by-layer deposition. These are representative images of how 
the foam looks throughout its entire thickness, revealing excellent coverage of every 
pore wall without altering the macro-scale porosity of the foam. As expected, the pH 6 
 
  
coating (Figure 4.5(b)) appears heavier (i.e., has a stronger texture than the thinner (< 10 
nm) pH 3 coating (Figure 4.5(c)). 
 
(c) (a) (b)
 
Figure 4.5. SEM images of uncoated polyurethane foam (a) and foam coated with 10 
BL of CH pH 3-MMT (b) and CH pH 6-MMT (c).  
 
 
 
 Foam flammability was initially tested by holding the flame from a butane torch 
on the foam’s surface for 10 seconds. The uncoated foam ignited and started to melt 
immediately upon exposure to the flame and was ultimately destroyed (i.e., completely 
consumed).  There was no melt dripping exhibited by either of the coated foam samples 
and the flame was extinguished after it traveled across the foam surface (~30 seconds). 
Foam coated with 10 BL of CH pH 6-MMT retained its original shape after flame 
exposure (Figure 4.6(a)), while foam coated with CH pH 3-MMT slightly collapsed 
(Figure 4.6(b)). When cut through the middle, coated foam samples revealed flexible, 
undamaged (white) foam underneath the char. Higher magnification images of the 
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interface between the black char and white foam reveal that foam structure was not 
damaged and the char consists mostly of aggregated clay platelets. Coating with pH 6 
chitosan (Figure 4.6(a)) provides a more protective barrier due to greater thickness and 
higher clay content than pH 3.  
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(a) 
 
(b) 
Figure 4.6.  SEM images of cross sections of foam coated with 10 BL CH pH 6-MMT 
(a) and CH pH 3-MMT (b) following the torch burn test. Boxes of the same color 
correlate to spots that were further magnified in each foam.   
 
 
  
 In an effort to better understand the effect of the CH-MMT coating on the 
flammability of PU foam, cone calorimetry was performed on these 10 BL coated 
samples. A cone calorimeter quantitatively measures the inherent flammability of a 
material through the use of oxygen consumption calorimetry (ASTM E-1354/ISO 5660).  
Figure 4.7 shows the heat release rate (HRR) curves for control and coated foam 
samples. Two different peaks can be seen in the curve for the control foam. There is a 
rapid rise to the first peak soon after ignition, which is associated with foam collapse. 
After transforming into a liquid, polyurethane burning tends to accelerate as the 
decomposing material vaporizes quickly, which quickly leads to a fast progression to a 
second,  larger peak HRR. The decay after the peak is also very rapid, with all material 
being decomposed.244  HRR curves for coated foam samples are significantly different 
from the control, suggesting that the CH-MMT coating fundamentally changes the 
burning behavior of the foam.   
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Figure 4.7. Heat release rate as a function of time, during cone calorimeter testing, for 
uncoated control and 10 BL coated foam. 
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 Ten bilayers of CH pH 6-MMT, which is about 30 nm thick, completely 
eliminates the second HRR peak. This coating produced the largest reduction (52%) in 
peak heat release rate (pkHRR), which is the maximum value of the heat release rate 
during the combustion of the sample. It also lowered the average heat release rate (Avg 
HRR) by more than 30% and maximum average heat rate emission (MAHRE) by almost 
50%. MAHRE is an ignition modified rate of heat emission, that can be used to rank 
materials in terms of ability to support flame spread to other objects.245 CH pH 3-MMT 
also reduced these flammability values, but not as dramatically as pH 6. This was 
expected due to the higher clay concentration in the pH 6 coating, that formed a thicker, 
more effective protective layer. Furthermore, pyrolysis of polyurethane decomposition 
products was delayed because these foams never collapsed into a liquid. Longer burning 
 
  
times for coated foam ultimately caused the total heat release to be similar to the control, 
but these CH-MMT coatings make a dramatic difference in the reduction of 
flammability of foam. The cone calorimeter parameters are summarized in Table 4.4.  
When comparing pkHRR reduction to clay-filled polymers in the literature, the 10 BL 
CH-MMT nanocoating achieves similar reduction to the best performing materials, as 
shown in Table 4.5. 
 
Table 4.2. Cone calorimeter results for control and 10 BL coated foam. 
Sample Weight gain (%) 
pkHRR 
(kW/m2)
Avg HRR 
(kW/m2) 
Total HRR 
(mJ/m2) 
Mass loss 
(%) 
MAHRE 
(kW/m2) 
control -   517±33.9   178±12.5    18.9±1.6    100    286±22.6
CH pH 3/MMT 1.59   326±60.9   144±18.6 17±0.2 94±1.8    209±46.2
CH pH 6/MMT 4.01 246±5.4 116±7.9 17±0.4 93±1.4 148±7.7 
 
 
Table 4.3. Cone calorimeter values reported in literature for clay composites. 
Sample pkHRR reduction Reference 
polyethylene/2-15% clay 50-70% 246 
polystyrene/1-10 % clay 8-23% 247 
polypropylene/5% clay 33% 116 
polyamide 6/15% clay 60% 78 
PU/10 BL CH pH 52% Table 4.4 
 
4.4 Conclusions 
 The goal of this work was to develop a truly “green” film with flame-retardant 
characteristics. Films assembled with high or low pH chitosan and clay showed linear 
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growth as a function of the number of bilayers deposited. Higher chitosan pH resulted in 
much thicker assemblies with higher clay loading. When flexible PU foam was coated 
with 10 BL of CH pH 6-MMT, only the outermost surface was charred after being 
exposed to the direct flame from a propane torch for 10 seconds.  When cut open, 
undamaged white flexible foam was revealed under a black char layer.  Cone 
calorimetry revealed that this protective nanocoating significantly reduced peak heat 
release relative to the uncoated control, showing a maximum reduction of 52%.  This 
work demonstrates the first fully renewable flame retardant treatment made via layer-by-
layer assembly and provides an environmentally benign alternative to commonly used 
halogenated materials. 
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CHAPTER V                                                                                       
HIGH OXYGEN BARRIER, CHITOSAN-BASED THIN FILMS FOR FOOD 
PACKAGING*, ** 
 
5.1 Introduction 
 The permeation of oxygen through food packaging often leads to spoilage, 
making oxygen barrier crucial for achieving longer shelf life.57, 248 Additionally, there is 
strong interest in developing environmentally-friendly and transparent barrier 
materials.249  LbL assembly of multilayered thin films, through electrostatic attraction of 
oppositely charged polyelectrolytes or particles on a substrate,250-251 can impart these 
characteristics to packaging films.  LbL assembly has also been used to construct thin 
transparent films that significantly reduce the oxygen permeability of polyethylene 
terephthalate (PET) film.131, 252 The most impressive barrier properties result from the 
incorporation of clay in these thin films,131, 239, 252 but little attention has been given to 
creating these barriers with only food contact approved ingredients. In this chapter, 
multilayer nanocoatings made with three food contact improved components (chitosan, 
poly(acrylic acid) [PAA] and montmorillonite (MMT) clay)  were deposited onto PET  
 
 
*Reprinted with permission from Laufer, G.; Kirkland, C.; Cain, A. A.; Grunlan, J. C. Clay-
chitosan nanobrick walls: Completely renewable gas barrier and flame-retardant nanocoatings. 
ACS Appl Mater Interf  2012, 4, 1643-1649. © 2012 American Chemical Society. 
** Reprinted with permission from Laufer, G.; Priolo, M. A.; Kirkland, C.; Grunlan, J. C. High 
oxygen barrier, clay and chitosan-based multilayer thin films: An environmentally-friendly foil 
replacement. Green Materials, ASAP. © 2012 Institution of Civil Engineers. 
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and polylactic acid (PLA) substrates. Chitosan was approved by the United States Food 
and Drug Administration (FDA) as a feed additive in 1983 and has recently been 
designated as GRAS (Generally Recognised As Safe) component.253 Anionic 
poly(acrylic acid) and clay have been used previously in food contact materials that have 
been granted approval by the FDA.254-255   
 
5.2 Experimental 
5.2.1 Materials 
 Poly(acrylic acid) (PAA) (Aldrich) (MW 100  kDa) was used as a 0.2 wt % 
solution in deionized water. The pH of this solution was increased to 4 with NaOH. 
Polylactic acid with 500 μm thickness (trade name BioWare PLA, produced by 
Huhtamaki Forchheim), provided by Faerch Plast (Holstebro, Denmarkand), and 179 μm 
thick poly(ethylene terephthalate) (trade name ST505, produced by Dupont-Teijin), 
purchased from Tekra (New Berlin, WI), were used for oxygen barrier testing. Other 
materials used here were already described in Chapter IV (Section 4.2.1). 
5.2.2 Layer-by-Layer Deposition  
 Prior to deposition, plastic substrates were corona treated with a BD-20C Corona 
Treater (Electro-Technic Products, Inc., Chicago) to create a negative surface charge. 
CH-MMT assemblies were prepared identical to those described in Chapter IV (Section 
4.2.2). Three component films were deposited on a given substrate using the procedure 
shown schematically in Figure 5.1. Substrates were alternately dipped into chitosan, 
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polyacrylic acid, chitosan and montmorillonite. One cycle of CH-PAA-CH-MMT is 
referred to as a quadlayer (QL).  
 
Figure 5.1. Schematic of layer-by-layer deposition of food contact approved ingredients 
on a substrate (e.g., PLA or PET film). 
 
 
 
5.2.3. Characterization of Film Growth, Structure and Properties 
 Oxygen transmission rates were measured by MOCON (Minneapolis, MN) in 
accordance with ASTM D-3985, using an Oxtran 2/21 ML instrument. All other 
characterization is identical to that described in Chapter IV (Section 4.2.3). 
 
5.3 Results and Discussion 
5.3.1. Film Growth and Microstructure 
 Growth and microstructure of films composed of CH at pH 6 and MMT were 
described in Chapter IV (Section 4.3.1). The CH/PAA/CH/MMT assembly grows 
linearly as a function of QLs deposited, as shown in Figure 5.2. A similar system, grown 
with polyethylenimine as the polycation instead of CH, showed exponential growth.38, 174 
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For exponential growth to occur, a given polymer must diffuse in and out of the 
previously deposited layer.256 Chitosan’s structure consists of a double helix of 
polysaccharide rings, which makes it much more rigid than PEI.257 This relatively high 
stiffness, as evidenced by a large persistence length (>10 nm), prevents chitosan from 
interdiffusing into underlying layers and the associated exponential growth.258 Growth of 
CH-PAA in the absence of MMT is also shown in Figure 5.2 to highlight the linear 
growth of these two polymers. This polymer-only growth further demonstrates that clay 
layers are not limiting polymer interdiffusion and therefore preventing the exponential 
growth of the system. Nevertheless, in a quadlayer system, PAA is replaced by MMT in 
every other bilayer, which contributes only 1-2 nm of thickness because of complete 
clay exfoliation. Additionally, clay platelets provide a new, relatively flat deposition 
surface each time they are deposited.  This new surface diminishes growth because less 
polymer deposits onto flat platelets than it does on top of another polymer layer with 
more nano-topology. As a result, assemblies with clay are thinner than those grown with 
polymers only. In comparison to the bilayer system, presence of extra two polymer 
layers in every deposition cycle, makes these QL assemblies about twice the thickness of 
CH-MMT films with single layer of polymer between clay platelets (Figure 5.2). 
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(b) (a) 
 
Figure 5.2. Film thickness as a function of cycles deposited of (CH-PAA)n, (CH-PAA-
CH-MMT)n and (CH-MMT)n(a). Mass as a function of CH-PAA-CH-MMT quadlayers 
deposited (b), as measured by quartz crystal microbalance, where (CH-PAA-CH) mass 
deposition is denoted as unfilled points and MMT as filled points. 
 
 
 
 Linear growth of these CH-based quadlayers is also observed using a quartz 
crystal microbalance, where every quadlayer contains approximately the same mass 
(Fig. 5.2(b)). A 10 QL film contains approximately 37 wt% clay, which is very high 
compared to conventional bulk composites.259-260 In fact, when the clay concentration 
exceeds ~10 wt% in bulk materials, their mechanical and optical properties start to 
degrade due to nanoparticle aggregation.261-262 UV−vis spectroscopy reveals that this 
same 10 QL film has an average light transmission of 98% across the visible light 
spectrum (390−750 nm), as shown in Figure 5.3(a).  This transparency is more apparent 
when examining the inset images of quartz slides with and without the nanocoating. 
High transparency is attributed to the high level of clay orientation and exfoliation 
within the deposited film. A TEM image of the cross section of a 10 QL film shows this 
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high level of clay orientation (Fig. 5.3(b)). Individual clay platelets can be seen as dark 
lines in this micrograph, which reveals a ‘nanobrick wall’ structure.38 This nearly perfect 
alignment of the platelets is expected to provide excellent gas barrier to the underlying 
substrate. It has been previously shown that at high clay concentration (i.e., deposition 
solution concentration > 0.2 wt%) there is a higher degree of lateral packing of clay in 
each layer, including more overlapping of neighboring platelets.263 
 
(a) 
(b) 
 
Figure 5.3. Visible light transmission as a function of wavelength for a 10 QL 
CH/PAA/CH/MMT film deposited on a fused quartz slide (a). The inset images in (a) 
show quartz slides with (right) and without (left) the 10 QL nanocoating. TEM cross 
section of 10 QL film deposited on a polystyrene substrate (b). 
 
 
 
5.3.2 Oxygen Barrier of Chitosan-based Assemblies 
 Polylactic acid  has received significant attention in recent years due to a desire 
for biodegradable food packaging.264 It has already been approved for food contact by 
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the Food and Drug Administration (FDA) and been primarily used for the packaging of 
short shelf-life food due to poor oxygen barrier.265-266 Improving the oxygen barrier of 
PLA film will allow it to slow down oxidative degradation and increase food shelf-life.56  
It was previously shown that increasing the space between deposited clay layers 
significantly improves the oxygen barrier of nano brick wall films,131 so CH pH 6-MMT 
bilayers were deposited on PLA for this purpose. Table 5.1 shows how the oxygen 
transmission rate (OTR) of these films decreases with the number of bilayers deposited.  
With just 10 BL, there is an order of magnitude decrease in OTR relative to the same 
PLA film with no coating.  A 30 BL film, which is only 100 nm thick, exhibits an OTR 
below the detection limit of commercial instrumentation (≤0.005 cm3/(m2·day·atm)). 
This high barrier behavior is believed to be due to the brick wall nanostructure that 
produces an extremely tortuous path for oxygen molecules to take as they permeate 
through the film.57, 123   
 
 
 
Table 5.1. Oxygen permeability of CH pH 6-MMT assemblies on PLA film at 23 °C. 
# of BL Film thickness (nm) 
OTR (cm3/m2 
atm·day) 
Permeability (x10-16 cm3· 
cm/cm2·sec·Pa) 
Filmab Totalb 
0 N/A 30.54 N/A 177.2 
10 31.8 2.51 0.0019 14.6 
15 48.9 0.68 0.0008   4.0 
25 85.6 0.13 0.0002  0.8 
30 98.7 <0.005 <0.000008  <0.03 
[a] Film permeability was decoupled from the total permeability using a previously described method.267 
[b] The low end detection limit for an Ox Tran 2/21 L module is 0.005cm3/(m2·day·atm). 
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 CH-PAA-CH-MMT nanocoatings were deposited on PET and polylactic acid 
film. Figure 5.4(a) shows that OTR significantly decreases, for both PET and PLA, when 
a 10 QL assembly is deposited. Depositing less than 100 nm of CH-PAA-CH-MMT 
reduced the OTR of both substrates by two orders of magnitude under dry conditions. 
These values are well below the required OTR values for packaging processed meat and 
cheese (3.1-15.5 cc/(m2•day• atm)) or snack foods (30 cc/(m2•day•atm)).268  It is also 
important to note that PLA coated with 10 QL or 10 BL can achieve a lower OTR than 
uncoated PET, making it competitive for similar applications (see Table 5.2). 
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(a) (b) 
Figure 5.4. Oxygen transmission rate of 175 μm PET and 500 μm PLA with and without 
a 10 QL CH/PAA/CH/MMT nanocoating. Measurements were made at 23°C and 0% 
RH (a) or 38°C and 90% RH (b). 
 
 
 
 It is true that adding clay directly into a polymer matrix improves oxygen barrier 
of the bulk composite, but these OTR reductions are relatively modest.52, 269 Permeability 
of the composite material is predicted to be a function of the aspect ratio of the filler and 
its orientation.125 The thickness of a single MMT platelet is roughly 1 nm, while the 
 
  
length is in the range of 200 – 500 nm.270 It is very difficult to achieve complete 
exfoliation of these high aspect ratio nanoplatelets in bulk nanocomposites, which 
reduces their effectiveness in reducing permeability values.130 This is emphasized in the 
literature values presented in Table 5.2, where the addition of clay to PLA and PET 
provides only a moderate reduction in oxygen permeability. Layer-by-layer assembly 
provides near perfect control of orientation and exfoliation of clay platelets and this 
creates an extremely tortuous path for permeating molecules. Highly-oriented layers of 
tightly-packed, impermeable platelets cause a rerouting of oxygen molecules along the 
film thickness direction, resulting in a lower transmission rate through the thin film 
composite.131  
 Another useful tool to evaluate the barrier properties of thin films is the barrier 
improvement factor (BIF), where BIF equals the permeability of pure polymer divided 
by the permeability of the composite (or coated substrate). As shown in Table 5.2, a 10 
QL coating has a BIF of 263 on PET and 60 on PLA under dry conditions, which is 
significantly greater than values reported in the literature for bulk composites.  
Assemblies made with 10 bilayers of CH and MMT, provided smaller BIF values 
compared to 10 QL film on PLA.  This difference is likely due to greater clay spacing in 
the quadlayer system presented here, where clay layers are separated by three polymer 
layers (CH-PAA-CH) versus a single CH layer in the bilayer system. Increased clay 
spacing has been shown to improve oxygen barrier in LbL thin films.131  Another 
possible reason for the superior performance of the quadlayer system is the interactions 
of oppositely charged polyelectrolytes (CH and PAA) which results in more dense 
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polymer chain packing than CH alone.  This effect was observed in assemblies of 
polyethylenimine and PAA,17 which also showed good barrier at high humidity.  It 
should be noted tripling the number of clay layers makes oxygen barrier of the CH-
MMT below the detection limit of the commercial instrument and provides the highest 
BIF value.   
 
Table 5.2. Oxygen permeability of chitosan-based assemblies deposited on PET and 
PLA and of other barrier materials. 
 
Film composition Oxygen permeability    
(x10-16 cm3 cm/cm2 sec Pa)
BIF Ref. 
PET 
17.6a   
25.4b   
PLA 177.2
a   
288.7b   
10 QL on PET 0.067
a 263  
0.68b 37  
10 QL on PLA 
2.96a 60  
26.87b 11  
10 BL CH/MMT on PLA 14.6a 12  
30 BL CH/MMT on PLA <0.03a >5906  
PLA/10wt% clay 52.8a 2 271 
PET/3wt% clay 43.4a 2 272 
PS/38.8wt% clay 114a 20 273 
a 23 C/0% RH, b 38 C/90% RH.  
  
 The influence of temperature and relative humidity on oxygen transmission rate 
is especially important for practical applications. Oxygen barrier is expected to diminish 
with increasing humidity and temperature due to swelling of the film and an associated 
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increase in free volume.274 Despite an increase in OTR, Figure 5.4(b) shows that PLA 
and PET maintain an oxygen barrier that is an order of magnitude better than uncoated 
films at 90% RH and 38°C.  It is expected that these nanocoatings will be further 
improved with crosslinking, which has already been shown to reduce moisture 
sensitivity in LbL nanocoatings.38, 167, 252  
 
5.4 Conclusions 
 Fully transparent nanocoatings with remarkable oxygen barrier properties were 
deposited on PLA and PET film using biodegradable, food contact approved materials. 
Layer-by-layer assembled thin films, made with chitosan, polyacrylic acid and natural 
montmorillonite clay, have near perfect clay platelet orientation and exfoliation that 
result in exceptional oxygen barrier. Oxygen permeability below 0.03x10-16 
cm3·cm/cm2·sec·Pa was achieved with 30 BL of CH pH 6-MMT (< 100 nm thick). Ten 
CH-PAA-CH-MMT quadlayers reduces oxygen transmission rate of PLA and PET by 
two orders of magnitude, under dry conditions, and more than one order of magnitude at 
38°C and 90 % RH. When comparing these two systems with equal number of clay 
layers (i.e. 10 BL and 10 QL), the QL system shows greater reduction in oxygen 
permeability due to increased spacing between clay layers. The combination of all 
generally recognized as safe materials, high oxygen barrier and transparency exhibited 
by this film makes it an ideal candidate for food and other types of high performance 
packaging. 
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CHAPTER VI                                                                                       
INTUMESCENT MULTILAYER NANOCOATING, MADE WITH RENEWABLE 
POLYELECTROLYTES, FOR FLAME RETARDANT COTTON* 
 
6.1 Introduction 
 Intumescent coatings are a subset of flame retardant technology commonly used 
to protect building materials.147 The coating does not modify the intrinsic properties 
(e.g., strength) of the substrate and can be easily applied to a variety of surfaces.145-146, 275  
An intumescent system typically requires three components bound together with a 
binder: a source of carbon, an acid source and a blowing agent.148 These components 
react upon heating to generate a swollen multicellular insulating layer that protects the 
underlying material from heat and flame.150 Intumescent nanocoatings were recently 
applied to cotton fabric using LbL assembly.276  Layers of polyallylamine (PAAm) and 
poly(sodium phosphate) (PSP) were conformally deposited on individual fibers, which 
eliminated the need for a binder.  In this case, cotton as well as the PAAm served as the 
carbon source, creating a complete intumescent system. Twenty bilayers of PAAm-PSP 
prevented the ignition of cotton fabric, demonstrating the first LbL-based intumescent 
nanocoating. This effective antiflammable nanocoating, produced with manmade (i.e., 
synthetic) molecules, can also be prepared with phosphorus and nitrogen-rich renewable  
 
*Reprinted with permission from Laufer, G.; Kirkland, C.; Morgan, A. B.; Grunlan, J. C. 
Intumescent multilayer nanocoatings, made with renewable polyelectrolytes, for flame retardant 
cotton, Biomacromolecules, 2012, 13, 2843-2848. © 2012 American Chemical Society. 
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ingredients. 
 Interest in green chemistry and concern over toxicity and environmental issues 
associated with various flame retardant treatments on textiles that come in close contact 
with skin, have created a desire to use “green” materials. Phytic acid (PA), which is the 
major storage form of phosphorus in cereal grains, beans, and oil seeds, is one such 
molecule. 277 Its structure consists of six phosphate groups (Figure 6.1), which is similar 
to PSP mentioned above.  Phytic acid has already been reported as an antioxidant, 278-279 
anticancer agent 280-281 and a means of lowering blood glucose level for diabetics.282-283 
Furthermore, it is environmentally-friendly, biocompatible, and nontoxic. PA and its 
salts are able to interact with positively charged molecules, which makes it a good 
candidate for layer-by-layer assembly.284 From a flame retardant perspective, molecules 
with a higher phosphorus content can deliver more active flame retardant atoms per 
molecule,136 and PA has 28wt% P based upon its molecular weight.  Chitosan is a 
nitrogen containing molecule that can be paired with PA to provide a completely 
renewable intumescent system. Much like phytic acid, CH is biodegradable, 
biocompatible, and environmentally benign. Chitosan is expected to be an effective 
intumescent additive, because it will act as a char-forming agent, it is carbon rich, and 
can be a blowing agent,  releasing nitrogen gas as it degrades.285 Additionally, there is 
the potential for favorable phosphorus-nitrogen (P-N) condensed phase char formation / 
flame retardant reactions between chitosan and phytic acid.286-287   
 In this chapter, thin films of chitosan and phytic acid were deposited onto cotton 
fabric in an effort to create the first bio-based (i.e., renewable) intumescent nanocoating. 
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Film thickness, as well as phosphorus-to-nitrogen ratio, was tailored by changing the pH 
of the polyelectrolyte solutions. Three different CH-PA formulations were applied to 
cotton fabric and their flame retardant properties were studied using vertical flame 
testing and micro combustion calorimetry (MCC). The thinnest coating (30 BL is ~10 
nm thick) was deposited using pH 4 solutions and this multilayer film has the highest PA 
content (66 wt%) relative to films deposited from pH 5 and 6 solutions. With regard to 
antiflammability, this pH 4 nanocoating completely stopped flame propagation on cotton 
fabric, leaving more than 90% residue following the vertical burn test. Calorimetry 
revealed that all fabrics coated with 30 CH-PA bilayers, exhibited peak heat release rates 
that were reduced by at least 50% compared to an uncoated control. When CH-PA 
nanocoatings are normalized by weight deposited on cotton fabric, it appears that greater 
phosphorus content produces the most effective flame retardant. This work demonstrates 
the first fully bio-renewable intumescent nanocoating for cotton fabric, whose deposition 
from aqueous solutions makes this a promising alternative to current antiflammable 
treatments for fabric.   
 
 
Figure 6.1. Structure of chitosan and phytic acid. 
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6.2 Experimental 
6.2.1 Materials  
 Cationic deposition solutions were prepared by adjusting the pH of deionized 
water (18.2MΩ, pH~5.5) to 2 with 1M hydrochloric acid (HCl) and then adding 0.5 wt% 
chitosan (MW 50-190 kDa, 75-85% deacetylated) purchased from Aldrich (Milwaukee, 
WI).  This solution was magnetically stirred for 24 hours until the chitosan was 
completely dissolved. Anionic solutions were prepared by adding 2.0 wt% of phytic acid 
sodium salt hydrate (Aldrich, Milwakee, WI) to deionized water and stirred for 24 hours. 
The pH of these solutions were adjusted to 4, 5 and 6 with 1 M NaOH or 1 M HCl just 
prior to deposition. Branched polyethylenimine (1.0 wt% in water) (MW 25,000 g/mol, 
Aldrich) was used as a primer layer to improve adhesion to cotton. Other materials were 
described in Chapter III (Section 3.2.1). 
6.2.2 Layer-by-Layer Deposition 
 All films were deposited on a given substrate using the procedure described in 
Chapter III (Section 3.2.2).  
6.2.3 Characterization of Film Growth, Structure and Properties 
 Film growth characterization is described in Chapter IV (Section 4.2.3). Micro 
combustion calorimeter, model MCC-1 (Govmark), testing was performed with a 1 
°C/sec heating rate under nitrogen, from 200 to 700 °C, using method A of ASTM 
D7309-07. There was no additional conditioning prior to MCC testing. 
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6.3 Results and Discussion 
6.3.1 Film Growth and Microstructure 
 Growth of three CH-PA films, assembled from solutions at pH 4, 5 or 6, was 
monitored using ellipsometry. Figure 6.2(a) shows that all recipes grow linearly, but 
thickness increases significantly with pH. There are likely two factors causing films to 
be extremely thin at pH 4. First, chitosan is highly charged at low pH due to the presence 
of primary amine groups in its structure (Fig. 6.1) and exists in an extended form that 
deposits very flat (or thin). Thin deposition associated with high charge density polymers 
has also been observed with polyethylenimine and poly(acrylic acid).252 Second, there is 
considerable stiffness in polysaccharides that can hinder the adsorption process and 
result in island growth.257 Aggregates observed on the surfaces of 10 BL films are 
believed to be remnants of these islands. At pH 4 (Fig. 6.2(b)), these raised features are 
fewer and further between than at pH 6 (Fig. 6.2(c)). Thinner deposition and fewer 
islands produce the anemic layer thickness growth observed at pH 4. It is also possible 
that rinsing with unaltered DI water (pH ~5.5) reduces the degree of chitosan ionization 
and leads to some desorption.  
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(b) 
(a) (c) 
Figure 6.2. Growth of CH-PA assemblies as a function of deposition solution pH, as 
measured by ellipsometry (a). AFM height images of 10BL assemblies deposited from 
pH 4 (b) and pH 6 (c) solutions. 
 
 
 
 
 As the pH of the chitosan solution increases, chitosan molecules take on a more 
compact, coiled conformation and deposit in a more globular conformation. This more 
weakly charged state is also accompanied by reduced self-repulsion that allows more 
molecules to deposit in a given layer. As a result, thickness of thin film assemblies 
increases with increasing CH pH. More complete surface coverage can also be observed 
in the AFM surface scan at pH 6 (Fig. 6.2(c)) relative to pH 4 (Fig. 6.2 (b)).  These 
changes in deposition are also reflected in film composition, as shown in Figure 6.3. 
Chitosan content decreases with pH due to its thinner deposition. This situation is 
exacerbated by the fact that higher charge density CH (at pH 4) requires fewer chains to 
overcompensate the charge of the previously adsorbed PA layer. As the concentration of 
 
  
phytic acid decreases, from 66 wt% at pH 4 to less than 50 wt% at pH 6, the 
flammability performance is expected to change due to reduced phosphorus content.288 
 
 
Figure 6.3. Film composition as a function of deposition solution pH for CH-PA 
assemblies. 
 
 
 
6.3.2 Flame Retardant Behavior of Cotton Fabric 
 Cotton fabric was coated with 30 BL of CH-PA at pH 4, 5 and 6 and subjected to 
vertical flame testing (ASTM D6413-08). Figure 6.4 shows these fabric samples 
following a 12 second exposure to direct flame. All coated fabric exhibited a less 
vigorous flame than the control fabric. Afterflame time was also significantly reduced 
and afterglow was eliminated. The uncoated control fabric was completely consumed 
during the test, while fabric coated with 30 BL of pH 5 coating completely stopped the 
flame from propagating almost immediately after ignition and more than 90 wt% of the 
fabric was preserved (Fig. 6.4).  Fabric coated with pH 4 solutions also showed 
significant flame retardant capacity, leaving about 80 wt% of the fabric, while adding 
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only 16 wt% to the fabric weight before burning. Fabric coated with pH 6 solutions was 
burned much more extensively, but still had some unburned white spots and a significant 
amount of residue left (42 wt%). Differences in these burn results could be attributed to 
the difference in the coating weight, as the best flame retardant coating had the highest 
weight gain added to cotton (~18 wt%).  
 In an effort to separate the influence of coating weight and composition, fabric 
coated with 18 wt% at each pH was evaluated. This normalized comparison required 32 
and 37 BL coated at pH 4 and 6, respectively. It is interesting to note that there appears 
to be a substrate influence because pH 6 grows the thickest on Si wafer (Fig. 6.2(a)), 
which should provide highest weight gain at a given number of bilayers. It is possible 
that the combination of film rigidity and low charge density at pH 6 contribute to some 
flaking or peeling of the coating, which would explain this unexpectedly low weight 
gain on cotton fabric. When comparing the same coating weight, it is clear that higher 
phytic acid content yields a more effective flame retardant. There was no noticeable 
change for pH 6 with extra bilayers, but there was a significant improvement for pH 4 
with just two additional bilayers. This pH 4 coating has highest concentration of phytic 
acid among the three recipes tested.  In regards to flammability, with 
phosphorus/phosphate being the active chemistry which induces charring (that in turn 
lowers heat release and flame propagation), increasing levels of phosphorus should 
lower flammability in a cellulosic material like cotton.289-291 With phytic acid containing 
28wt% P, higher levels of PA in the pH 4 system yield higher levels of 
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phosphorus/phosphate available to crosslink the cellulosic fiber and CH to form an 
intumescent char.   
 
 
Figure 6.4.  Images of uncoated control and fabrics coated with 30 BL of CH-PA (top) 
and 18 wt% CH-PA (bottom) deposited at varying pH level. 
 
 
 
 Higher magnification SEM images of burned fabric, as shown in Figure 6.5, 
provide further insight into the observed antiflammable behavior of these CH-PA 
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nanocoatings. The coating does not obscure the weave structure of the fabric and, at 
higher magnification (middle row of images in Fig. 6.5), the conformal coating of 
individual cotton fibers can be clearly seen. All coated fibers look similar in shape and 
structure to the uncoated control, but some of the coated fibers are linked together. 
Fabric coated with pH 6 solutions appears to have the roughest surface with numerous 
bridges formed between individual fibers. This roughness suggests that this thickly 
depositing system probably starts to form those bridges early in the deposition process 
and as more layers get deposited, and the fabric gets twisted during processing steps, the 
coating connecting the fibers peels off and contributes to a low final weight gain. These 
gaps in the coating serves as sites where heat will penetrate through the protective 
coating and thermally damage the underlying cotton, which can lead to pyrolysis of 
flammable gases and subsequent localized flame propagation.  Thin deposition at lower 
pH delays this inter-fiber linking, which preserves the coating and therefore eliminates 
the gaps in the protective coating.  
 Images of the postburn samples (in the bottom row of Fig. 6.5) show that cotton 
fibers retain their shape and integrity after burning and there is also evidence of 
intumescent behavior. There are bubbles on top and in the gap between fibers due to 
expansion of the intumescent carbon layer in the coating as gas evolves during burning. 
These images clearly demonstrate the protective nature of this coating by forming a 
swollen, cellular layer. Although this intumescent coating does not expand to 10 times 
its original size, like most conventional intumescent coatings, it remains able to slow, 
and in some cases stop, the flame propagation. The pH 6 coating exhibits much less 
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bubbling (i.e., weaker intumescent effect), which was expected based upon its 
diminished flame retardant behavior (Fig. 6.4). This coating has the lowest phosphorus 
content (Fig. 6.3), which is a contributing factor, and the weak points/gaps in this 
coating likely result in uneven fire protection on the surface of the fibers.   
 
 
Figure 6.5. SEM images of coated and uncoated cotton fabric before (top two rows) and 
after (bottom row) vertical burn testing.  The uncoated fabric was completely consumed 
during burning, so no postburn image can be shown.  
 
 
 
 Micro cone calorimetry (MCC) was used to further investigate the flame 
retardant properties of coated and uncoated cotton. Figure 6.6 shows heat release rate 
(HRR) curves generated with fabric containing 18 wt% of CH-PA deposited at pH 4, 5, 
and 6. It appears that the presence of the intumescent coating decreases the onset 
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decomposition temperature for coated fabrics and this becomes more pronounced as the 
phytic acid concentration in the coating increases. This temperature decrease, which has 
been observed with other phosphorus-containing flame retardants, 140, 276 is due to the 
catalyzed dehydration of cellulose, which aids in char formation by the decomposition of 
phosphorus compounds. The best performing pH 4 fabric exhibits the greatest reduction 
in peak heat release rate (pkHRR) and total heat release (HR) of 60% and 76% 
respectively, compared to the uncoated control.  Although somewhat counterintuitive, it 
is important for the components of the coating to degrade before the onset of cotton 
degradation in order to preemptively form the protective layer. This lower temperature 
of reaction is good because char formation is initiated early in the fire, thus preventing 
further pyrolysis of the cotton that in turn retards flame spread.   
 In an effective intumescent system, the acid source must be the first component 
to decompose to ensure dehydration of the carbon source.59 Phytic acid begins to 
decompose around 200 °C, which is below the decomposition temperature of cotton (320 
°C) or chitosan (250 °C). 285, 292 Next, the carbon source (chitosan and carbon rich cotton 
itself) is converted into char by a dehydration reaction with PA. This char is then 
expanded by gases produced by decomposition of the blowing agent. In this case, 
chitosan serves as carbon source and blowing agent, so there is a continuous release of 
foaming gases over the entire char forming area. Eventually, the coating solidifies into a 
multicellular material that slows the heat flow from the fire to the substrate.59  To put the 
HRR reduction into perspective, lowering peak HRR and total HR of a burning material 
means it is easier for the material to self-extinguish once the flame source is removed. 
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Lower heat release means that the heat from the burning material is less, so it is harder to 
propagate flame and for heat to damage unburned portions of the material adjacent to the 
site of flaming combustion.291, 293  
 
 
Figure 6.6.  Heat release rate as a function of temperature for uncoated control and CH-
PA coated cotton fabric. All coated fabrics contained 18 wt% CH-PA. 
 
 
 
 Table 6.1 summarizes the results of micro cone calorimeter testing. All coated 
fabric exhibits reduced total HR by at least 70%. Additionally, the amount of char 
increased by a factor of seven and is significantly greater than the coating weight, 
confirming that cotton fabric itself was preserved during the burning. It is also clear, 
from Table 6.1 and Figure 6.4, that burn behavior improves with higher phytic acid 
concentration. It has been shown previously that flame retardant properties of cellulostic 
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fabrics improve with increase of phosphorus content due to more effective dehydration 
of cellulose,  prevention of formation of volatile material and accelerating formation of 
char. 140, 294 Even though these intumescent nanocoatings demonstrate lower 
flammability of cotton fabric in MCC testing, these results do not directly correlate with 
postburn residues. The pH 4 coating exhibits the lowest heat release rate even at 30 BL 
(i.e., lower weight) relative to pH 5 (at the same number of BL), while the latter appears 
to perform better in the vertical flame test (Fig. 6.4). These seemingly conflicting results 
could be attributed to uneven surface coverage on the fabric with pH 4 coating, which 
exhibits the thinnest growth (Fig. 6.2). With just two more BL, the pH 4 coating 
performs the best in every category and completely prevents flame propagation on 
cotton. Even with the worst performing pH 6 coating, the heat release was significantly 
reduced, which is one of the desired characteristics for a flame retardant coating.  
 
 
 
Table 6.1.  Micro cone calorimeter results for CH-PA coated cotton fabric and an 
uncoated control. 
  
# BL (% 
weight gain) 
Char yield 
(wt%) 
pkHRR 
(W/g)a 
pkHRR 
(°C)a 
Total HR 
(kJ/g)b 
Control - 5.6 ± 0.1 259± 6.7 382 ± 2.1 12.0 ± 0.1 
pH 4 30 BL (~16 %) 41.7 ± 1.9 99 ± 3.5 311 ± 0.9 2.8 ± 0.1 32 BL (~18 %) 42.4 ± 0.3 100 ± 1.8 313 ± 0.8 2.8 ± 0.1 
pH 5 30 BL (~18 %) 41.8 ± 0.5 116 ± 3.3 318 ± 0.3 3.2 ± 0.1 
pH 6 30 BL (~13 %) 38.7 ± 0.4 134 ± 1.4 318 ± 5.0 3.8 ± 0.1 37 BL (~18 %) 39.1 ± 0.8 161 ± 12.8 322 ± 1.2 3.8 ± 0.1 
a pkHRR=peak heat release rate; bHR=heat release 
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6.4 Conclusions 
 Intumescent nanocoatings were deposited on cotton fabric using environmentally 
benign components (chitosan and phytic acid) to impart flame retardant behavior.  By 
varying the pH of aqueous depositing solutions, coating thickness and composition were 
modified.  Using solutions at pH 6 resulted in relatively thick coatings with the lowest 
phytic acid content, while the opposite was achieved at pH 4 (i.e., thin growth and high 
PA content).   The flame retardant properties of 30 BL coated fabric were tested using 
the vertical flame test, where pH 5 coating (with the heaviest weight gain) was able to 
extinguish the flame. To eliminate the variable of coating weight, fabrics with equal 
weight gain (~18 wt%) were subjected to the vertical flame test. There was a clear trend 
of improvement in burn behavior with higher phytic acid content. Fabric coated with pH 
4 (66 wt% PA) left as much as 95% preserved fabric (completely unburned material with 
a small amount of char) after burning. Small bubbles formed on top of and in the space 
between the fibers were observed by SEM, which is evidence of the intumescent effect. 
Additionally, micro calorimeter testing revealed a lower peak heat release rate for all 
coated fabrics. Coatings made with pH 4 solutions resulted in better flame retardant 
properties relative to those made at higher pH due to greater phosphorus content (in the 
form of PA). Higher phosphorus concentration is known prevent formation of volatile 
material and accelerate formation of char more effectively.  This study demonstrates the 
first completely renewable intumescent LbL nanocoating for cotton fabric, which 
provides an effective and environmentally-friendly alternative to current flame retardant 
treatments. 
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CHAPTER VII                                                                                      
CONCLUSIONS AND FUTURE WORK 
 
 The ultimate goal of this dissertation was to create a nanocoating system that 
would be compatible with any substrate (with proper surface pre-treatment) and 
extinguish flame on the coated substrate. By incorporating flame retardant materials into 
layer-by-layer assemblies, anti-flammable nanocoatings were deposited onto complex 
substrates, such as cotton fabric and open-celled polyurethane foam, to impart anti-
flammability. In addition to reducing flammability, this dissertation explored the use of 
food contact approved materials to create transparent nanocoatings with high oxygen 
barrier that could serve as an for environmentally-friendly foil replacement. 
 
7.1 Colloidal Silica-based Thin Film Assemblies 
 Thin films of colloidal silica were deposited on cotton fibers via layer-by-layer 
assembly in an effort to reduce the flammability of cotton fabric. Negatively charged 
silica nanoparticles of two different sizes (8 and 27 nm) were paired with either 
positively charged silica (12 nm) or cationic polyethylenimine (PEI). PEI/silica films 
were thicker due to better (more uniform) deposition of silica particles that contributed 
to more than 90% of the film weight. Each coating was evaluated at 10 and 20 bilayers 
(BL).  All coated fabrics retained their weave structure after being exposed to a vertical 
flame test, while uncoated cotton was completely destroyed. Micro combustion 
calorimetry confirmed that coated fabrics exhibited a reduced peak heat release rate, by 
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as much as 20% relative to the uncoated control. The 10 BL PEI- 8 nm silica recipe was 
the most effective because the coating is relatively thick and uniform relative to the other 
systems.  Soaking cotton in basic water (pH 10) prior to deposition resulted in better 
assembly adhesion and flame retardant behavior. These results demonstrate that LbL 
assembly is a useful technique for imparting flame retardant properties through 
conformal coating of complex substrates like cotton fabric. 
 
7.2 Clay-Chitosan Nanobrick Walls for Flame Retardant Foam 
 Thin films prepared via LbL assembly of renewable materials exhibit exceptional 
flame retardant properties. Positively-charged chitosan, at two different pH levels (3 and 
6), was paired with anionic montmorillonite clay nanoplatelets. Thin film assemblies 
prepared with CH at high pH are thicker due to low polymer charge density. A 10 
bilayer (CH pH 6-MMT) nanocoating (~30 nm thick) completely stops the melting of a 
flexible polyurethane foam, when exposed to direct flame from a butane torch. Cone 
calorimetry confirms that this coated foam exhibited a reduced peak heat release rate, by 
as much as 52%, relative to the uncoated control. These environmentally benign 
nanocoatings could prove beneficial as a replacement for environmentally persistent 
antiflammable compounds. 
 
7.3 Oxygen Barrier of Chitosan-Based Nanobrick Wall Thin Films 
 Multilayered thin films assembled with “green” food contact approved materials 
(i.e., chitosan, polyacrylic acid and montmorillonite clay).  Thin coatings of CH-MMT 
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bilayers, and CH-PAA-CH-MMT quadlayers, were deposited on PLA and PET films.  
PLA has poor oxygen barrier properties relative to petroleum-based polymers that are 
widely used as food packaging (e.g. PET). Only ten CH/PAA/CH/MMT quadlayers (~90 
nm thick), can cause PLA film to behave like PET in terms of oxygen barrier.  A thirty 
bilayer CH-MMT assembly (~100 nm thick) on PLA exhibits an oxygen transmission 
rate (OTR) below the detection limit of commercial instrumentation (≤0.005 
cm3/(m2·day·atm)). This high barrier behavior is believed to be due to the brick wall 
nanostructure that produces an extremely tortuous path for oxygen molecules to take as 
they permeate through the film. The combination of all generally recognized as safe 
(GRAS) materials, high oxygen barrier and transparency exhibited by this film makes it 
an ideal candidate for food and other types of high performance packaging. 
 
7.4 Intumescent Nanocoating  
 Thin films of fully renewable and environmentally benign electrolytes, cationic 
chitosan and anionic phytic acid, were deposited on cotton fabric via layer-by-layer 
assembly in an effort to reduce flammability. Altering the pH of aqueous deposition 
solutions modifies the composition of the final nanocoating. CH-PA films created at pH 
6 were thicker and had 48wt% PA in the coating, while the thinnest films (with a PA 
content of 66 wt%) were created at pH 4. Each coating was evaluated at both 30 BL and 
at the same coating weight added to the fabric.  In a vertical flame test, fabrics coated 
with high PA content multilayers completely extinguished the flame, while uncoated 
cotton was completely consumed. Micro combustion calorimetry confirmed that all 
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coated fabric reduces peak heat release rate (pkHRR) by at least 50% relative to the 
uncoated control. Fabric coated with pH 4 solutions shows the greatest reduction in 
pkHRR and total heat release of 60% and 76%, respectively. This superior performance 
is believed to be due to high phosphorus content that enhances the intumescent behavior 
of these nanocoatings. These results demonstrate the first completely renewable 
intumescent LbL assembly, which conformally coats every fiber in cotton fabric and 
provides an effective alternative to current flame retardant treatments. 
 
7.5 Future Research Direction 
 From the results in Chapter VI, it is known that intumescent components 
chemically react with each other, which results in a self-extinguishing treatment. There 
is still room to improve LbL-based current intumescent systems by exploring the effect 
of synergistic components. Durability of these flame retardant coatings on fabric is 
another issue to be investigated. In most cases, fabric needs to be washed and still retain 
the FR nanocoating. It is also important to explore other renewable food contact 
approved ingredients that can result in nanocoatings with higher oxygen barrier and/or 
fewer layers to achieve a given barrier level. These three areas of future work are 
described in more detail below. 
7.5.1 Synergistic Influence of Colloidal Silica in Intumescent Coating Assemblies 
 Chapter VI showed that an intumescent nanocoating is very effective in 
preventing the ignition of cotton fabric.  It has been also shown that the incorporation of 
nanoparticles into intumescent systems leads to a synergistic effect between the 
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components that improves the fire retarding properties.295-296 It is believed that these 
particles act as char stabilizers and reinforcers.297 Colloidal silica is a known FR 
addititive, as shown in Chapter III, that can be incorporated into the chitosan-phytic acid 
intumescent coating described in Chapter VI. The silica is expected to improve the 
nanocoating’s FR performance or to achieve the same FR with fewer layers. Two 
different methods of incorporating silica should be investigated. In one case, several 
silica layers could be strategically incorporated into the nanocoating, as shown in Figure 
7.1 (a). The effect of the number of these layers, as well as their placement (i.e. top, 
middle or bottom of the film) and spacing should be studied. Another approach involves 
mixing small amounts of silica nanoparticles (0.1-1 wt%) with one of the LbL film 
components, which  should result in particles randomly attaching themselves throughout 
the film structure, as shown in Figure 7.1 (b). For this approach, the relation between 
silica concentration and FR performance would be investigated.  The ultimate goal of 
this study is to achieve FR performance of cotton fabric similar to the one described in 
Chapter V, but with no more than 20 bilayers. If successful, this same approach could be 
used to reduce the number of layers in any FR nanocoating, which would improve the 
commercial viability of this technology. 
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(b) (a) 
Figure 7.1. Proposed film structures with varying synergist placement inside the 
intumescent film: silica as individual layers (a) and silica mixed with one of the two film 
components (b). 
 
 
 
7.5.2 Wash Durability of Nanocoating on Cotton Fabric 
 As most textile fabrics would undergo repeated laundering during their lifetime, 
the washing durability of cotton fabric is of significant importance. It has been suggested 
that during laundering the interactions between nanocoating layers could be destroyed, 
and the LbL films could be removed from the substrate (e.g. textile fibers), resulting in 
loss of functionality.  To strengthen and stabilize the nanocoatings, crosslinking can be 
introduced between functional groups.  It has been reported that the mechanical 
properties of crosslinked thin films improved up to three orders of magnitude relative to 
neat polymer,176 with chemical and thermal stability greatly improved.  Coatings already 
developed by our group, with known flame retardant characteristics, could be used as 
model systems in this study.276 Gluteraldehyde (GA) can be used for crosslinking 
poly(sodium phosphate) (PSP) and polyallylamine (PAAm), as it capable of reacting 
with amine groups of PAAm. Crosslinking can be acomplished by soaking coated fabric 
in a water-based solution containing GA. Preliminary results have shown that soaking 
 
  
fabric in 0.05 M GA solution for 30 minutes preserved the coating and its flame 
retardant properties after one wash, as shown in Figure 7.2. The effect of crosslinking 
agent concentration and exposure time still needs to be evaluated. Wash durability of 
coated fabrics can be tested by laundering them for 5, 10, 15, and 20 cycles in a washing 
machine according to AATCC Test Method 124-2006. After each set of washes, 
flammability of fabrics can be evaluated.  
 
 
Figure 7.2. Cotton fabric coated with 20 BL of PAAm-PSP after vertical flame testing. 
 
 
 
7.5.3 High Oxygen Barrier with Renewable, Food Contact Safe Polyelectrolytes 
 Chapter IV revealed the ability to improve gas barrier performance of PLA and 
PET films by applying a thin coating of polymer and clay. It has also been shown that 
all-polymer LbL assemblies, created with PEI and PAA, can effectively reduce oxygen 
permeability.252 These films can be re-created with renewable food contact approved 
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materials. Carrageenan (CR) is a sulfated polysaccharide extracted from certain red 
seaweeds. It is extensively used in the food industry as gelling and stabilizing agent.298 
Pairing CR with cationic chitosan, used for oxygen barrier in Chapter IV, will result in 
fully renewable polysaccharide-based films. Preliminary growth results for these 
assemblies are shown in Figure 7.3. These films can be deposited on PET and PLA 
substrates to examine their oxygen permeability as a function of bilayers deposited. 
Additionally, chitosan and carrageenan both exhibit antimicrobial properties, so this 
same coating can be evaluated for its antimicrobial efficacy. 299-300  
 
 
Figure 7.3. Growth of chitosan/carrageenan thin film assemblies as a function of 
bilayers deposited under varying pH conditions. 
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